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k = Cvl/3 

C = 2x106 J/m3-K - Dulong-Petit Limit 
v = 2000-4000 m/s 
l = 0.2-0.5 nm (atomic scale) 
 
kmin = 0.25-1 W/m-K 

Vineis, Shakouri, Majumdar, 
Kanatzidis, Adv. Materials 22, 3970 (2010) 
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ABSTRACT What electronic structure provides the larg-
est figure of merit for thermoelectric materials? To answer
that question, we write the electrical conductivity, ther-
mopower, and thermal conductivity as integrals of a single
function, the transport distribution. Then we derive the
mathematical function for the transport distribution, which
gives the largest figure of merit. A delta-shaped transport
distribution is found to maximize the thermoelectric proper-
ties. This result indicates that a narrow distribution of the
energy of the electrons participating in the transport process
is needed for maximum thermoelectric efficiency. Some pos-
sible realizations of this idea are discussed.

Thermoelectric materials can be used to make refrigerators or
power generators (1, 2). These solid state devices have no
moving parts and are extremely reliable. Their efficiency is
low, so they are used in products where reliability is more
important than efficiency. Thermoelectric refrigerators are
used to spot cool electronic components such as infrared
sensors or computer chips. Power generators are used in space
stations and satellites.
There has been much effort to find the best thermoelectric

materials (1-3). There has also been numerous discussion of the
physical limits-i.e., what are the best possible thermoelectrics
allowed by nature (4)? Here we provide a new and simple
estimate of the maximum efficiency of thermoelectric materials.
The efficiency of thermoelectric energy converters depends

on the transport coefficients of the constituent materials
through the figure of merit (1):

a-S2
Ke + Kl

[1]

where a- is the electrical conductivity and S is the Seebeck
coefficient. The quantity in the denominator is the thermal
conductivity; it is given by the sum of contributions from the
electronic carriers Ke and the lattice KI. The efficiency is
increased by making ZT as large as possible, where T is the
mean operating temperature of the device.
At room temperature, the best thermoelectric material now

known is Bi2Te3, which has ZT 1 (1, 2). With this value, the
coefficient of performance of thermoelectric coolers is about
one-third the value for conventional compressor systems. At
room temperature, with the current design, thermoelectric
refrigerators will be competitive with conventional compressor
systems if a material is found with ZT 4. However, any small
increment in this value (ZT 2 1) will result in many new
applications for these devices. This technology is environmen-
tally cleaner and more reliable than traditional compressor
systems. Therefore, it is worth exploring the possibility of increas-
ing ZT to find a material with ZT > 1. No materials are found at
lower temperature with ZT = 1, although several are known at
much higher temperatures: they are used in power generators.

From the definition of the figure of merit given in Eq. 1, it
is clear that, to increase Z, we have to decrease the thermal
conductivity of the material and/or increase the thermopower
and electrical conductivity. Among the four quantities involved
in Eq. 1, three of them are mainly related to the electronic
structure of the material (o-, S, and Ke) and one is mainly
related to the lattice (KI). One possible way to improve the
figure of merit is to reduce the lattice thermal conductivity
without significantly altering the electronic properties of the
material. This approach has been explored extensively in the
past (5, 6) through the enhancement of phonon scattering.
However, a very comprehensive review done by Spitzer (7)
shows that 2 mW/cm-K is the practical lower limit for the
lattice thermal conductivity of semiconductors. Another tra-
ditional way to improve the thermoelectric properties of a
material is to maximize a-S2 by varying the doping concentra-
tion, which varies the electron density.
The methods mentioned in the previous paragraph are rea-

sonable approaches to the optimization of a given material.
However, in this study, we want to formulate the problem from
a different point of view. We will try to answer the following
question. What is the best electronic structure a thermoelectric
can have? In other words, for a given lattice thermal conductivity,
if we are given the freedom to choose the distribution of energy
levels and scattering of the carriers, what would be our choice?
To answer the question formulated in the previous para-

graph, we will first note that the transport coefficients can be
written as a functional of a single kernel function. The trans-
port coefficients are given by solutions of the Boltzmann
equation as (8):

0oo fo

or = e2 sds - ) (s),
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ToS=e dEx )

[2]
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where ,u is the chemical potential, e the electron charge,

(- fo- (e(k +
a3s kBT(-'L) + 1)2' [5]

and (£), which we will call the transport distribution function,
is given by:
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20 nm into the Heusler thin film. The energy loss near edge structures 
(ELNES) (see Extended Data Fig. 1) was used to fit the phase distribu-
tion shown in Fig. 1f.

Thermoelectric properties
To define the thermoelectric properties of the Fe2V0.8W0.2Al thin film, 
electrical resistivity, thermal conductivity and Seebeck measurements 
were carried out at Technische Universität (TU) Wien, Vienna, Austria. 
Figure 2a, b shows the temperature-dependent Seebeck coefficient, S, 
and the electrical resistivity, ρ, respectively, of Fe2V0.8W0.2Al thin film 
annealed at 450 °C for one week. ρ(T) of this Heusler alloy is charac-
terized by semiconductor-like resistivity behaviour, with decreasing 
resistivity as the temperature increases. Absolute ρ(T) values corre-
spond fairly well with those derived for bulk materials with the same 
concentration of W. In addition, the overall resistivity of the thin film 
at lower temperatures is smaller by a factor of 2–3 compared to the 
resistivity of the starting material Fe2VAl. In agreement with density 

functional theory (DFT) calculations, the V–W substitution shifts the 
Fermi energy towards the band edge of the conduction band, with an 
increased charge carrier density compared to Fe2VAl.

The Seebeck coefficient S(T) of Fe2V0.8W0.2Al exhibits very large nega-
tive values, indicating that electrons are the majority charge carriers 
in this system. This conclusion is supported by Hall effect data taken 
at high temperatures (details are discussed in Methods.) The largest 
values of the Seebeck coefficient occur at moderately high tempera-
tures, similar to archetypal Bi–Te compounds.

To corroborate these results, additional studies of transport proper-
ties were done at the National Institute for Materials Science (NIMS), 
Tsukuba, Japan, using a device similar to that used at TU Wien (ZEM-3, 
ULVAC), and a different device (ZEM-2, ULVAC). These measurements 
confirm the initial results. Physical property measurement system 
(PPMS, Quantum Design) measurements based on a different data 
acquisition principle yielded some dissimilar results; the Seebeck 
coefficient obtained using that measuring technique, revealed—in 
part—even larger absolute values.

To get a closer look and understanding of individual contributions 
of the active thermoelectric layer, the interlayer and the Si substrate, a 
parallel-conductance model is assumed, in which the constituent parts 
of the composite sample contribute individually to the observed effect. 
In terms of the electrical resistivity, the well known parallel-resistance 
model can be applied:

∑R R
1

=
1

(1)i
i

Similarly, the Seebeck coefficient can be understood from

S
S σ d

σ d
=

∑
∑

(2)i i i i

i i i
total

where i = {layer, int, sub} denotes the active thermoelectric layer, the 
interface and the substrate, respectively. Equation (2) indicates that 
in such a distinct structure the individual Seebeck coefficients Si con-
tribute to the total measured coefficient in a weighted manner, cor-
responding to the electrical conductivities σi = 1/ρi and the slab 
thicknesses di of the slabs involved. To ensure reliable results, the active 
thermoelectric layer was removed mechanically from the substrate by 
polishing, and then re-measured. The resistivities, which are 4–5 orders 
of magnitude larger than that of the Heusler film, were obtained, 
together with large negative Seebeck values (see Extended Data Fig. 3). 
In the absence of available data, a very large Seebeck effect is assumed 
for the interface (predominantly Fe2Si; Sint ≈ 100 µV K−1), together with 
a very low electrical resistivity (ρint ≈ 100 µΩ cm; this may be consider-
ably underestimated, since the Fe2Si interface layer is not a continuous 
film; instead, it seems to be made up of small Fe2Si islands, weakly con-
nected and arranged along the interface (see Fig. 1d). Based on the 
above data and assumptions, the Seebeck coefficient of the active layer, 
Slayer, can first be derived from equation (2). Obtained in this way, 
S T( )layer

(1)   is added to Fig. 2a. As a second step, the Fe2Si interface is 
neglected in the analysis, because the condition of percolation might 
not be fulfilled. Data from this procedure are labelled as Slayer

(2)  in Fig. 2a. 
We note that in this second case, S T( )layer

(2)  is almost the same as the total 
measured value, Scomp(T). The intrinsic nature of the very large ther-
mopower values of thin-film Fe2V0.8W0.2Al can be inferred from a direct 
comparison of the thin-film data evaluated here and those of the pure 
substrate. As shown in Extended Data Fig. 3, the pure substrate exhib-
its even larger values; twice as large in a temperature range from 500 
to 800 K.

There are only minor changes compared to the experimentally 
deduced data owing to the very thin interface (compared to the active 
layer and the thick substrate), and the very large resistivity values in the 
lower temperature range of the substrate. These data indicate that a 
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Fig. 2 | Temperature-dependent transport and thermoelectric properties of 
thin-film Fe2V0.8W0.2Al. a, b, The temperature-dependent Seebeck coefficient 
(a) and electrical resistivity (b) of the entire composite (layer, interface and 
substrate), together with the thin-film value of Fe2V0.8W0.2Al, obtained from 
equation (2). S layer

(1)  and S layer
(2)  are the deduced Seebeck data with and without 

Fe2Si as the interface, respectively. The corresponding data for the bulk 
material are added for comparison. c, d, The temperature-dependent power 
factor (c) and approximated figure of merit (d). PF values shown here refer to 
Scomp of Fig. 2a. The size of the error bar in c results from an estimated error of 
5% for both the Seebeck (a) and resistivity (b) data.  ZTappr is evaluated to a first 
approximation using the room-temperature (25 °C) thermal conductivity 
(λ = 2.70 W m K−1 −1

RT
diff ; λ = 3.02 W m K−1 −1

RT
eff ). From the Wiedemann–Franz law, a 

temperature-dependent thermal conductivity is estimated, keeping λph 
constant. The respective ZTappr data are indicated by open diamonds.
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For turbomachinery, the technological barrier to increasing
TH arises from materials limitations and not the highest
temperature that can be achieved in the fuel combustion. It is
an ongoing technical challenge to engineer refractory materials
with long cycle life, that are strong, ductile and oxidation/
corrosion resistant under such extreme conditions.30–32

However, over the last few decades great progress toward
combating this issue has been made through blade cooling,
thermal barrier coatings, super alloys and single crystalline
materials.30,33 The issue of cycle life is critical, as existing
materials could be used at much higher temperatures, but
would experience shorter lifetimes. The choice of operating
point is therefore based on economic considerations, as
component lifetimes do not directly change the cost/power ratio
but can strongly impact the LCOE. The effect on LCOE includes
not only component replacement cost, but for short lifetimes
could also substantially increase the total time the device is out
of service for maintenance. The details of these ramications
are not the central focus here, but we do acknowledge their
importance.

In light of these considerations, the materials problem
remains difficult, particularly because of the required
mechanical properties and corrosion resistance to exhaust
gasses. Many brittle materials (i.e. oxides), have high melting
points, inherent stability in oxidizing environments and corro-
sion resistance, but the requirement of strength and ductility is
difficult to meet. It is important to recognize, however, that to
some extent, the need for mechanical ductility and durability is
fundamentally tied to the use of mechanical motion to drive a
generator. Converting heat to mechanical work/motion is the
principle function of a turbine and it implicitly suggests the
presence of dynamic thermal stresses in the construction
materials. It is important to acknowledge, however, that the
conversion of heat to mechanical work is not strictly required,
as solid state energy conversion (SSEC) technologies can convert
heat directly to electricity without moving parts.

SSEC devices such as thermoelectrics (TE),34–37 thermionics
(TI),38–40 thermally regenerative electrochemical systems
(TRES)41 and photovoltaics (PV) or thermophotovoltaics
(TPV)42–44 have all been demonstrated as standalone devices and

may have the potential to overcome the temperature limitations
of turbomachinery, because they do not involve high tempera-
ture moving parts. The second important advantage of SSEC
devices is that they can utilize constant temperature heat
inputs, similar to the way an idealized Carnot cycle would
operate. As a result, the limiting thermodynamic efficiency for
SSEC devices is Carnot efficiency and not eqn (7), which
suggests that there is much greater room available for
improving their efficiencies.

Currently, none of the aforementioned SSEC devices are as
efficient or cost effective as turbomachinery at large scale, but
design and testing of these devices has been largely targeted at
the same temperature range where turbomachinery is appli-
cable (i.e. z100–1500 !C). Outside this temperature range
(i.e. above z1500 !C for Brayton cycles or above z750 !C for
steam based Rankine cycles) it might prove advantageous to use
a SSEC technology that rejects its waste heat to a standard
turbine based mechanical cycle, as illustrated in Fig. 3. Other
congurations are also possible, but would depend on the
specic SSEC technology being employed, its efficiency, power
density and various other integration considerations. For
example, specically in the case of solar energy conversion,
congurations involving spectral splitting could also be partic-
ularly attractive if used with PV. Nonetheless, in the congu-
ration shown in Fig. 3, the SSEC device could effectively serve as
a topping cycle, where its waste heat is discharged at sufficiently
high temperature that a large fraction can still be converted to
electricity via a turbine (Fig. 3). From this perspective, the
topping cycle only improves the overall power cycle efficiency,
provided that the waste heat can be efficiently transferred to the
bottoming cycle and that the heat losses directly to the envi-
ronment are negligible, which is oen the case. In this case the
overall efficiency of tandem heat engines is given by h2 ¼ htop +
(1 # htop)h1, where h1 is the efficiency of the original bottoming
cycle (i.e. the turbine) and htop is the efficiency of the topping
cycle (i.e. the SSEC device).

This same strategy is used today in natural gas combined
cycles (NGCCs), where the high temperature waste heat of a
Brayton cycle gas turbine is used to provide heat to a steam
based Rankine cycle, which then produces additional power
and increases the overall efficiency. Employing a SSEC tech-
nology to reach higher temperatures and higher overall system
efficiencies would be challenging both from a cost and perfor-
mance/reliability standpoint, but it is not unfeasible. Operating
technologies at extreme temperatures is in general full of a

Fig. 2 Comparison of estimatedmaximum efficiency for a turbine and
a Solid State Energy Conversion (SSEC) device. The upper limiting
efficiency for turbomachinery is lower than Carnot efficiency because
it is based on a sensible heat input, while Carnot efficiency, which
applies to SSEC devices, utilizes a constant temperature heat input.

Fig. 3 Illustration of tandem heat engine configuration. The topping
cycle is a high temperature heat engine, which rejects its waste heat to
a bottoming cycle. The waste heat of the topping cycle is rejected at a
sufficiently high temperature that the bottoming cycle can then
convert a significant fraction to work.

Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2014
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focus here is specically on identifying new technology devel-
opment pathways that can ultimately lead to lower K.

The US Department of Energy's SunShot vision study16

provides estimates and targets for A, B, C, D, hS–E and hE. The
solar to thermal energy conversion efficiency (hS–T ¼ hS " hT) is
typically in the range of 50–60%, for molten salt power towers
due to four main sources of inefficiency, namely the loss of
diffuse light (#15%), cosine losses (#20%), imperfect mirror
reection losses (#7%), spillage and heat losses in the receiver/
thermal components (#10%).16,22,23 Plugging in these numbers
in eqn (2) the cost numbersmatch closely with the more detailed
System Advisor Model (SAM)24 used in SunShot Vision study.16

The main advantage of our model is that it clearly shows the
impact of various high level parameters on the cost and provides
a framework for the wider technical community to assess the
cost implications of their solar–thermal–electricity related ideas.

Our cost model is useful in identifying important areas for
improvement. From the nominal values and targets used in the
SunShot vision study for tower congurations (i.e. A ¼ $85–185
per m2, B ¼ $110–180 per kW-th, C ¼ $15–30 per kWh-th, D ¼
$880–1140 per kW-e, hS–E ¼ 20–24%, hE ¼ 41.6–55%),16 it is
apparent that increasing hS–T, reducing A, increasing hE and
reducing D are among the most signicant technological
improvements that can be made to reduce the LCOE of CSP.
Each of these improvements could result in cost reductions as
high as 15–30%. However, from a technology development
perspective it is also important to identify actual technology
development pathways that can allow these cost reductions to
be realized.

For example, innovative approaches to increasing the optical
efficiencies embedded in hS–T might involve the usage of small
modular and easily installed parabolic dishes with efficient
transport of the concentrated light from the non-stationary
focal point of each dish to a central stationary receiver on the
ground via bre optic cables.25–27 The biggest benets of such an
approach are the elimination of cosine losses and the tower
structure altogether. The optical efficiencies of this approach,
however, would require signicant improvements to become
commercially viable.26 Nonetheless, the ability to transmit
highly concentrated sunlight through bre optic cables effi-
ciently and new ways of efficiently coupling light into bres
from a parabolic reector would be breakthroughs for CSP.
Direct reduction of the material and installation costs associ-
ated with the solar collector (A in eqn (1)) is another major
opportunity for LCOE reduction. Specically, innovative helio-
stat designs that are more easily installed, use less material,
and/or utilize smaller reectors that can reach higher concen-
trations is a particularly promising direction.28,29 Each of these
potential pathways to the improvement of subsystems and
components of a CSP system are the subject of ongoing research
efforts. Improving the cost/performance ratio of the power
cycle, however, warrants deeper discussion.

Power cycle analysis
If we restrict ourselves to only using turbomachinery for the
power cycle, then the technological pathways for either

decreasing the turbine cost or increasing its efficiency are
limited. Turbomachinery is a well-established industry with
well-established costs and therefore the most likely decrease in
the cost/power ratio, D, would be due to an increase in effi-
ciency. Increasing the power cycle efficiency directly decreases
the rst three terms of eqn (2). It also decreases the amount of
waste heat, which ultimately reduces geographic restrictions
associated with cooling water requirements. Improving the
efficiency of power generation turbines, however, has limited
prospects other than increasing the temperature, because the
turbomachinery itself is already extremely efficient. Brayton or
Rankine cycle turbines generally operate by heating a
compressible uid from ambient temperature (Tamb) to a higher
temperature (TH) and then letting the hot uid expand through
an expansion turbine, returning to Tamb. The theoretical
maximum work output (Wmax) of such a device is thermody-
namically limited by the entropy ows in and out of the system,
which are carried by the heat input and waste heat respectively.
The maximum work can be evaluated from the change in exergy
for the working uid,

dWmax ¼ dH $ TambdS (6)

where dH is the change in the enthalpy and dS is the change in
the entropy. For a gas, the heat input can be expressed as dQ ¼
dH ¼ CPdT and the change in the entropy is given as

dS ¼ dQ
T

¼ CPdT
T

; where CP is the heat capacity. Assuming the

heat capacity can be treated as constant, the ratio of the
maximum work to the heat input then gives the limiting effi-
ciency as,

h ¼ Wmax

Q
¼

ðTH

Tamb

dWmax

ðTH

Tamb

dQ

¼ 1$ Tamb

TH $ Tamb

ln

"
TH

Tamb

#
(7)

It is important to note that the efficiency in eqn (7) is lower
than Carnot efficiency evaluated between TH and Tamb, because
Carnot efficiency assumes all the heat and entropy is delivered
to the system at the peak temperature TH. In a turbine, however,
the working uid is heated from Tamb to TH and therefore the
heat and entropy is delivered over a range of temperatures Tamb

# T # TH. Thus eqn (7) can also be derived by simply assuming
that each unit of heat input to the uid dQ ¼ CPdT can be
converted in a hypothetical Carnot cycle between T and Tamb,

where dWmax ¼ dQ 1$ Tamb

T

" #
.

Fig. 2 shows a comparison of eqn (7) along with the effi-
ciencies of typical Rankine and combined cycle turbines, both
of which are very close to this limit. Fig. 2 therefore shows that
the remaining room for efficiency improvement in power
generation turbines is only a few percent in most cases. This
also means that today's turbines already operate near their
thermodynamic limits and the main avenue for signicant
efficiency improvements beyond a few percent is to simply
increase TH.

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci.
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focus here is specically on identifying new technology devel-
opment pathways that can ultimately lead to lower K.

The US Department of Energy's SunShot vision study16

provides estimates and targets for A, B, C, D, hS–E and hE. The
solar to thermal energy conversion efficiency (hS–T ¼ hS " hT) is
typically in the range of 50–60%, for molten salt power towers
due to four main sources of inefficiency, namely the loss of
diffuse light (#15%), cosine losses (#20%), imperfect mirror
reection losses (#7%), spillage and heat losses in the receiver/
thermal components (#10%).16,22,23 Plugging in these numbers
in eqn (2) the cost numbersmatch closely with the more detailed
System Advisor Model (SAM)24 used in SunShot Vision study.16

The main advantage of our model is that it clearly shows the
impact of various high level parameters on the cost and provides
a framework for the wider technical community to assess the
cost implications of their solar–thermal–electricity related ideas.

Our cost model is useful in identifying important areas for
improvement. From the nominal values and targets used in the
SunShot vision study for tower congurations (i.e. A ¼ $85–185
per m2, B ¼ $110–180 per kW-th, C ¼ $15–30 per kWh-th, D ¼
$880–1140 per kW-e, hS–E ¼ 20–24%, hE ¼ 41.6–55%),16 it is
apparent that increasing hS–T, reducing A, increasing hE and
reducing D are among the most signicant technological
improvements that can be made to reduce the LCOE of CSP.
Each of these improvements could result in cost reductions as
high as 15–30%. However, from a technology development
perspective it is also important to identify actual technology
development pathways that can allow these cost reductions to
be realized.

For example, innovative approaches to increasing the optical
efficiencies embedded in hS–T might involve the usage of small
modular and easily installed parabolic dishes with efficient
transport of the concentrated light from the non-stationary
focal point of each dish to a central stationary receiver on the
ground via bre optic cables.25–27 The biggest benets of such an
approach are the elimination of cosine losses and the tower
structure altogether. The optical efficiencies of this approach,
however, would require signicant improvements to become
commercially viable.26 Nonetheless, the ability to transmit
highly concentrated sunlight through bre optic cables effi-
ciently and new ways of efficiently coupling light into bres
from a parabolic reector would be breakthroughs for CSP.
Direct reduction of the material and installation costs associ-
ated with the solar collector (A in eqn (1)) is another major
opportunity for LCOE reduction. Specically, innovative helio-
stat designs that are more easily installed, use less material,
and/or utilize smaller reectors that can reach higher concen-
trations is a particularly promising direction.28,29 Each of these
potential pathways to the improvement of subsystems and
components of a CSP system are the subject of ongoing research
efforts. Improving the cost/performance ratio of the power
cycle, however, warrants deeper discussion.

Power cycle analysis
If we restrict ourselves to only using turbomachinery for the
power cycle, then the technological pathways for either

decreasing the turbine cost or increasing its efficiency are
limited. Turbomachinery is a well-established industry with
well-established costs and therefore the most likely decrease in
the cost/power ratio, D, would be due to an increase in effi-
ciency. Increasing the power cycle efficiency directly decreases
the rst three terms of eqn (2). It also decreases the amount of
waste heat, which ultimately reduces geographic restrictions
associated with cooling water requirements. Improving the
efficiency of power generation turbines, however, has limited
prospects other than increasing the temperature, because the
turbomachinery itself is already extremely efficient. Brayton or
Rankine cycle turbines generally operate by heating a
compressible uid from ambient temperature (Tamb) to a higher
temperature (TH) and then letting the hot uid expand through
an expansion turbine, returning to Tamb. The theoretical
maximum work output (Wmax) of such a device is thermody-
namically limited by the entropy ows in and out of the system,
which are carried by the heat input and waste heat respectively.
The maximum work can be evaluated from the change in exergy
for the working uid,

dWmax ¼ dH $ TambdS (6)

where dH is the change in the enthalpy and dS is the change in
the entropy. For a gas, the heat input can be expressed as dQ ¼
dH ¼ CPdT and the change in the entropy is given as

dS ¼ dQ
T

¼ CPdT
T

; where CP is the heat capacity. Assuming the

heat capacity can be treated as constant, the ratio of the
maximum work to the heat input then gives the limiting effi-
ciency as,

h ¼ Wmax

Q
¼

ðTH

Tamb

dWmax

ðTH

Tamb

dQ

¼ 1$ Tamb

TH $ Tamb

ln

"
TH

Tamb

#
(7)

It is important to note that the efficiency in eqn (7) is lower
than Carnot efficiency evaluated between TH and Tamb, because
Carnot efficiency assumes all the heat and entropy is delivered
to the system at the peak temperature TH. In a turbine, however,
the working uid is heated from Tamb to TH and therefore the
heat and entropy is delivered over a range of temperatures Tamb

# T # TH. Thus eqn (7) can also be derived by simply assuming
that each unit of heat input to the uid dQ ¼ CPdT can be
converted in a hypothetical Carnot cycle between T and Tamb,

where dWmax ¼ dQ 1$ Tamb

T

" #
.

Fig. 2 shows a comparison of eqn (7) along with the effi-
ciencies of typical Rankine and combined cycle turbines, both
of which are very close to this limit. Fig. 2 therefore shows that
the remaining room for efficiency improvement in power
generation turbines is only a few percent in most cases. This
also means that today's turbines already operate near their
thermodynamic limits and the main avenue for signicant
efficiency improvements beyond a few percent is to simply
increase TH.

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci.
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focus here is specically on identifying new technology devel-
opment pathways that can ultimately lead to lower K.

The US Department of Energy's SunShot vision study16

provides estimates and targets for A, B, C, D, hS–E and hE. The
solar to thermal energy conversion efficiency (hS–T ¼ hS " hT) is
typically in the range of 50–60%, for molten salt power towers
due to four main sources of inefficiency, namely the loss of
diffuse light (#15%), cosine losses (#20%), imperfect mirror
reection losses (#7%), spillage and heat losses in the receiver/
thermal components (#10%).16,22,23 Plugging in these numbers
in eqn (2) the cost numbersmatch closely with the more detailed
System Advisor Model (SAM)24 used in SunShot Vision study.16

The main advantage of our model is that it clearly shows the
impact of various high level parameters on the cost and provides
a framework for the wider technical community to assess the
cost implications of their solar–thermal–electricity related ideas.

Our cost model is useful in identifying important areas for
improvement. From the nominal values and targets used in the
SunShot vision study for tower congurations (i.e. A ¼ $85–185
per m2, B ¼ $110–180 per kW-th, C ¼ $15–30 per kWh-th, D ¼
$880–1140 per kW-e, hS–E ¼ 20–24%, hE ¼ 41.6–55%),16 it is
apparent that increasing hS–T, reducing A, increasing hE and
reducing D are among the most signicant technological
improvements that can be made to reduce the LCOE of CSP.
Each of these improvements could result in cost reductions as
high as 15–30%. However, from a technology development
perspective it is also important to identify actual technology
development pathways that can allow these cost reductions to
be realized.

For example, innovative approaches to increasing the optical
efficiencies embedded in hS–T might involve the usage of small
modular and easily installed parabolic dishes with efficient
transport of the concentrated light from the non-stationary
focal point of each dish to a central stationary receiver on the
ground via bre optic cables.25–27 The biggest benets of such an
approach are the elimination of cosine losses and the tower
structure altogether. The optical efficiencies of this approach,
however, would require signicant improvements to become
commercially viable.26 Nonetheless, the ability to transmit
highly concentrated sunlight through bre optic cables effi-
ciently and new ways of efficiently coupling light into bres
from a parabolic reector would be breakthroughs for CSP.
Direct reduction of the material and installation costs associ-
ated with the solar collector (A in eqn (1)) is another major
opportunity for LCOE reduction. Specically, innovative helio-
stat designs that are more easily installed, use less material,
and/or utilize smaller reectors that can reach higher concen-
trations is a particularly promising direction.28,29 Each of these
potential pathways to the improvement of subsystems and
components of a CSP system are the subject of ongoing research
efforts. Improving the cost/performance ratio of the power
cycle, however, warrants deeper discussion.

Power cycle analysis
If we restrict ourselves to only using turbomachinery for the
power cycle, then the technological pathways for either

decreasing the turbine cost or increasing its efficiency are
limited. Turbomachinery is a well-established industry with
well-established costs and therefore the most likely decrease in
the cost/power ratio, D, would be due to an increase in effi-
ciency. Increasing the power cycle efficiency directly decreases
the rst three terms of eqn (2). It also decreases the amount of
waste heat, which ultimately reduces geographic restrictions
associated with cooling water requirements. Improving the
efficiency of power generation turbines, however, has limited
prospects other than increasing the temperature, because the
turbomachinery itself is already extremely efficient. Brayton or
Rankine cycle turbines generally operate by heating a
compressible uid from ambient temperature (Tamb) to a higher
temperature (TH) and then letting the hot uid expand through
an expansion turbine, returning to Tamb. The theoretical
maximum work output (Wmax) of such a device is thermody-
namically limited by the entropy ows in and out of the system,
which are carried by the heat input and waste heat respectively.
The maximum work can be evaluated from the change in exergy
for the working uid,

dWmax ¼ dH $ TambdS (6)

where dH is the change in the enthalpy and dS is the change in
the entropy. For a gas, the heat input can be expressed as dQ ¼
dH ¼ CPdT and the change in the entropy is given as

dS ¼ dQ
T

¼ CPdT
T

; where CP is the heat capacity. Assuming the

heat capacity can be treated as constant, the ratio of the
maximum work to the heat input then gives the limiting effi-
ciency as,

h ¼ Wmax

Q
¼

ðTH

Tamb

dWmax

ðTH

Tamb

dQ

¼ 1$ Tamb

TH $ Tamb

ln

"
TH

Tamb

#
(7)

It is important to note that the efficiency in eqn (7) is lower
than Carnot efficiency evaluated between TH and Tamb, because
Carnot efficiency assumes all the heat and entropy is delivered
to the system at the peak temperature TH. In a turbine, however,
the working uid is heated from Tamb to TH and therefore the
heat and entropy is delivered over a range of temperatures Tamb

# T # TH. Thus eqn (7) can also be derived by simply assuming
that each unit of heat input to the uid dQ ¼ CPdT can be
converted in a hypothetical Carnot cycle between T and Tamb,

where dWmax ¼ dQ 1$ Tamb

T

" #
.

Fig. 2 shows a comparison of eqn (7) along with the effi-
ciencies of typical Rankine and combined cycle turbines, both
of which are very close to this limit. Fig. 2 therefore shows that
the remaining room for efficiency improvement in power
generation turbines is only a few percent in most cases. This
also means that today's turbines already operate near their
thermodynamic limits and the main avenue for signicant
efficiency improvements beyond a few percent is to simply
increase TH.

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci.
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focus here is specically on identifying new technology devel-
opment pathways that can ultimately lead to lower K.

The US Department of Energy's SunShot vision study16

provides estimates and targets for A, B, C, D, hS–E and hE. The
solar to thermal energy conversion efficiency (hS–T ¼ hS " hT) is
typically in the range of 50–60%, for molten salt power towers
due to four main sources of inefficiency, namely the loss of
diffuse light (#15%), cosine losses (#20%), imperfect mirror
reection losses (#7%), spillage and heat losses in the receiver/
thermal components (#10%).16,22,23 Plugging in these numbers
in eqn (2) the cost numbersmatch closely with the more detailed
System Advisor Model (SAM)24 used in SunShot Vision study.16

The main advantage of our model is that it clearly shows the
impact of various high level parameters on the cost and provides
a framework for the wider technical community to assess the
cost implications of their solar–thermal–electricity related ideas.

Our cost model is useful in identifying important areas for
improvement. From the nominal values and targets used in the
SunShot vision study for tower congurations (i.e. A ¼ $85–185
per m2, B ¼ $110–180 per kW-th, C ¼ $15–30 per kWh-th, D ¼
$880–1140 per kW-e, hS–E ¼ 20–24%, hE ¼ 41.6–55%),16 it is
apparent that increasing hS–T, reducing A, increasing hE and
reducing D are among the most signicant technological
improvements that can be made to reduce the LCOE of CSP.
Each of these improvements could result in cost reductions as
high as 15–30%. However, from a technology development
perspective it is also important to identify actual technology
development pathways that can allow these cost reductions to
be realized.

For example, innovative approaches to increasing the optical
efficiencies embedded in hS–T might involve the usage of small
modular and easily installed parabolic dishes with efficient
transport of the concentrated light from the non-stationary
focal point of each dish to a central stationary receiver on the
ground via bre optic cables.25–27 The biggest benets of such an
approach are the elimination of cosine losses and the tower
structure altogether. The optical efficiencies of this approach,
however, would require signicant improvements to become
commercially viable.26 Nonetheless, the ability to transmit
highly concentrated sunlight through bre optic cables effi-
ciently and new ways of efficiently coupling light into bres
from a parabolic reector would be breakthroughs for CSP.
Direct reduction of the material and installation costs associ-
ated with the solar collector (A in eqn (1)) is another major
opportunity for LCOE reduction. Specically, innovative helio-
stat designs that are more easily installed, use less material,
and/or utilize smaller reectors that can reach higher concen-
trations is a particularly promising direction.28,29 Each of these
potential pathways to the improvement of subsystems and
components of a CSP system are the subject of ongoing research
efforts. Improving the cost/performance ratio of the power
cycle, however, warrants deeper discussion.

Power cycle analysis
If we restrict ourselves to only using turbomachinery for the
power cycle, then the technological pathways for either

decreasing the turbine cost or increasing its efficiency are
limited. Turbomachinery is a well-established industry with
well-established costs and therefore the most likely decrease in
the cost/power ratio, D, would be due to an increase in effi-
ciency. Increasing the power cycle efficiency directly decreases
the rst three terms of eqn (2). It also decreases the amount of
waste heat, which ultimately reduces geographic restrictions
associated with cooling water requirements. Improving the
efficiency of power generation turbines, however, has limited
prospects other than increasing the temperature, because the
turbomachinery itself is already extremely efficient. Brayton or
Rankine cycle turbines generally operate by heating a
compressible uid from ambient temperature (Tamb) to a higher
temperature (TH) and then letting the hot uid expand through
an expansion turbine, returning to Tamb. The theoretical
maximum work output (Wmax) of such a device is thermody-
namically limited by the entropy ows in and out of the system,
which are carried by the heat input and waste heat respectively.
The maximum work can be evaluated from the change in exergy
for the working uid,

dWmax ¼ dH $ TambdS (6)

where dH is the change in the enthalpy and dS is the change in
the entropy. For a gas, the heat input can be expressed as dQ ¼
dH ¼ CPdT and the change in the entropy is given as

dS ¼ dQ
T

¼ CPdT
T

; where CP is the heat capacity. Assuming the

heat capacity can be treated as constant, the ratio of the
maximum work to the heat input then gives the limiting effi-
ciency as,

h ¼ Wmax

Q
¼

ðTH

Tamb

dWmax

ðTH

Tamb

dQ

¼ 1$ Tamb

TH $ Tamb

ln

"
TH

Tamb

#
(7)

It is important to note that the efficiency in eqn (7) is lower
than Carnot efficiency evaluated between TH and Tamb, because
Carnot efficiency assumes all the heat and entropy is delivered
to the system at the peak temperature TH. In a turbine, however,
the working uid is heated from Tamb to TH and therefore the
heat and entropy is delivered over a range of temperatures Tamb

# T # TH. Thus eqn (7) can also be derived by simply assuming
that each unit of heat input to the uid dQ ¼ CPdT can be
converted in a hypothetical Carnot cycle between T and Tamb,

where dWmax ¼ dQ 1$ Tamb

T

" #
.

Fig. 2 shows a comparison of eqn (7) along with the effi-
ciencies of typical Rankine and combined cycle turbines, both
of which are very close to this limit. Fig. 2 therefore shows that
the remaining room for efficiency improvement in power
generation turbines is only a few percent in most cases. This
also means that today's turbines already operate near their
thermodynamic limits and the main avenue for signicant
efficiency improvements beyond a few percent is to simply
increase TH.

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci.

Analysis Energy & Environmental Science

Pu
bl

ish
ed

 o
n 

07
 A

pr
il 

20
14

. D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 In

sti
tu

te
 o

f T
ec

hn
ol

og
y 

on
 1

7/
04

/2
01

4 
13

:5
4:

54
. 

View Article Online

Henry	
  &	
  Prasher,	
  Energy	
  &	
  Env.	
  Science	
  (2014)	
  



Mechanical Engineering
ENGINEERING

"Any	
  sufficiently	
  advanced	
  technology	
  is	
  indis4nguishable	
  from	
  magic."	
  Arthur	
  C.	
  Clarke	
   11	
  

Carbon-­‐Free	
  Power	
  GeneraZon	
  



Mechanical Engineering
ENGINEERING

"Any	
  sufficiently	
  advanced	
  technology	
  is	
  indis4nguishable	
  from	
  magic."	
  Arthur	
  C.	
  Clarke	
   12	
  

Global	
  Warming	
  Poten:al	
  of	
  Refrigerants	
  

GWP	
  of	
  refrigerants	
  ~	
  3000	
  x	
  of	
  CO2	
  	
  

Velders	
  et	
  al.,	
  PNAS	
  (2009)	
  

Elisabeth	
  
Rosenthal,	
  “The	
  
Cost	
  of	
  Cool,”	
  New	
  
York	
  Times,	
  Aug.	
  
18,	
  2012	
  

Finding the right 
refrigerant with GWP < 1 
is a grand challenge 

RS	
  



13	
  

 

 

 

  

 

OZONACTION FACT SHEET 

 

The Kigali Amendment to the Montreal 
Protocol: HFC Phase-down 

 

The Parties to the Montreal Protocol on 
Substances that Deplete the Ozone Layer 
reached agreement at their 28th Meeting of the 
Parties on 15 October 2016 in Kigali, Rwanda to 
phase-down hydrofluorocarbons (HFCs). 

HFCs are commonly used alternatives to ozone 
depleting substances (ODS). While not ozone 
depleting substances themselves, HFCs are 
greenhouse gases which can have high or very 
high global warming potentials (GWPs), ranging 
from about 121 to 14,800. 

The phase-down of HFCs under the Montreal 
Protocol has been under negotiation by the Parties 
since 2009 and the successful agreement on the 
Kigali Amendment (Decision XXVIII/1 and 
accompanying Decision XXVIII/2) continues the 
historic legacy of the Montreal Protocol.  

This fact sheet summarises and highlights the main 
elements of the Amendment of particular interest 
to countries operating under Article 5 of the 
Protocol (Article 5 Parties).   

The Kigali Amendment adds to the Montreal 
Protocol the phase-down of the production and 
consumption of HFCs. The main features of the 
amendment are the following: 

 The Kigali Amendment will enter into force on  
1 January 2019, provided that it is ratified by at 
least 20 Parties to the Montreal Protocol (or 90 
days after ratification by the 20th Party, 
whichever is later). 

 There are two groups of Article 5 Parties with 
different baseline years and phase-down 
schedules (see chart and graph on page 2). 

 Some non-Article 5 Parties have different 
baseline calculations and different initial phase-
down steps from the main group of non- Article 
5 Parties (see chart and graph on page 3).  

 A new Annex F has been added to the 
Protocol. This lists the HFCs, separated into 
two groups: 

• Annex F, Group I: all HFCs (except 
HFC-23, and HFOs1) 

• Annex F, Group II: HFC-23. 

 Global warming potential values have been 
added to the Protocol text for HFCs, and 
selected HCFCs and CFCs (see page 6). 

 Production, consumption, imports, exports and 
emissions as well as consumption baselines of 
HFCs shall be expressed in carbon dioxide 
(CO2) equivalents. 

 Baselines are to be calculated from both HFC 
and HCFC production/consumption. 

 There is an exemption for high ambient 
temperature countries (see page 5). 

 Import and export licencing systems for HFCs 
must be in place by 1 January 2019.2  

 Trade with Parties that have not ratified the 
Amendment (“non-Parties”)  will be banned 
from 1 January 2033.3  

 The Executive Committee is requested 
develop, within two years, guidelines for 
financing the phase-down of HFCs.  
 
A timeline of the HFC phase-down is provided 
on page 4. 
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Liquid-Vapor:   DS, configurational entropy of gas  
Thermoelectric:    DS, configurational entropy of electrons in k-space 
Electrocaloric:      DS, orientational entropy of electric dipoles 
Magnetocaloric:  DS, orientational entropy of magnetic dipoles 
Electrochemical:   DS, entropy of solvent-solute in redox reaction 
Chemical:         DS, entropy of oxidizing/reducing medium 
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Liquid-Vapor:  DS, configurational entropy of gas  
Thermoelectric:    DS, configurational entropy of electrons in k-space 
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Magnetocaloric:  DS, orientational entropy of magnetic dipoles 
Electrochemical:   DS, entropy of solvent-solute in redox reaction 
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Classifica:on	
  of	
  Redox	
  Refrigerants	
  

∆​𝑇↓𝑟𝑒𝑎𝑙 = ​[∆𝑆(​𝐽/𝑚𝑜𝑙∙𝐾 )𝑇(𝐾)−   ​𝐸↓𝑎 (​𝐽/𝑚𝑜𝑙 )]×𝐶(​𝑚𝑜𝑙/𝑘𝑔 )/​𝑐↓𝑝 (​𝐽/𝑘𝑔∙𝐾 ) 	
  

​𝑄↓​𝑔∕𝑏  = ​∆𝑆(​𝐽/𝑚𝑜𝑙∙𝐾 )𝑇(𝐾)/​𝐸↓𝑎 (​𝐽/𝑚𝑜𝑙 ) ;	
   ​  
𝑄↓​𝑔∕𝑏  	
  >	
  1	
  

𝑌= ​∆𝑆(​𝐽/𝑚𝑜𝑙∙𝐾 )∙𝐶(​𝑚𝑜𝑙/𝑘𝑔 )/​𝑐↓𝑝 (​𝐽/
𝑘𝑔∙𝐾 ) ;	
  	
  YT	
  =	
  DTmax	
  

Redox reaction α, mV/K YT= ΔТmax @300K, K Qg/b @300K 

2H++2e- à H2 (g) 0.8 307 4.09,26 

V3++e- à V2+  1.2-1.9* 36 6.027 

V5++e- à V4+ -0.2* 6 2.427 

Br2(l) +e-à 2Br-  0.3* 14 1.728 

Fe(CN)63- + e- à Fe(CN)64- -1.5* 10.6 78.429 

Fe3+ +e- à Fe2+ 1.1* 36 95.730  

Cr3++e- à Cr2+ 2.2 7 219.59,23,30 

Ce5++e- à Ce4+ 2.3 13 36.09,31 

S22- + 2e- à 2S2- -.7 9.4 1.39,32 

 

Kinetics 

Reversible Thermodynamics 
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Wearable thermoelectrics for personalized
thermoregulation
Sahngki Hong1,2, Yue Gu1,3, Joon Kyo Seo1,3, Joseph Wang1,3, Ping Liu1,3, Y. Shirley Meng1,3,4,
Sheng Xu1,3*, Renkun Chen1,2,4*

Thermoregulation has substantial implications for energy consumption and human comfort and health. However,
cooling technology has remained largely unchanged for more than a century and still relies on cooling the entire
space regardless of the number of occupants. Personalized thermoregulation by thermoelectric devices (TEDs) can
markedly reduce the cooling volume and meet individual cooling needs but has yet to be realized because of
the lack of flexible TEDs with sustainable high cooling performance. Here, we demonstrate a wearable TED
that can deliver more than 10°C cooling effect with a high coefficient of performance (COP > 1.5). Our TED is
the first to achieve long-term active cooling with high flexibility, due to a novel design of double elastomer
layers and high-ZT rigid TE pillars. Thermoregulation based on these devices may enable a shift from centralized
cooling toward personalized cooling with the benefits of substantially lower energy consumption and improved
human comfort.

INTRODUCTION
Thermoregulation not only plays a vital role in human comfort and
health but also contributes significantly to energy consumption. The
heating and cooling of buildings alone currently accounts formore than
10% of the total energy consumed globally (1); this high level of energy
consumption and the accompanying environmental impact, i.e., the
emission of potent global warming gases, are expected to increase
markedly with the rapid growth of economies (2). Climate control
systems are also used to achieve thermal comfort in electric vehicles;
however, these systems can drain up to 40% of battery power in ad-
verse weather conditions, presenting a major roadblock to achieving
long driving ranges (3).

The ongoing effort to reduce the energy consumption of climate
control systems has mainly focused on the development of more effi-
cient thermoregulation technologies (4).However, a substantial amount
of energy is wasted by traditional climate control systems, as they heat/
cool entire buildings or vehicles, although the occupants only occupy a
small space. The large amount of wasted energy is evident when con-
sidering the great disparity between human metabolic rate (100 to
150 W) (5) and per capita heating, ventilation, and air conditioning
(HVAC) energy consumption rate in the United States (~1.5 kW) (1).
Moreover, it is difficult to set the temperature of an entire building or
vehicle to ensure the thermal comfort of all the occupants or passengers
as thermal comfort conditions can vary significantly from person to
person (6). In addition to the implications for energy efficiency of build-
ings and vehicular thermal envelops, there is also tremendous interest in
achieving optimal thermal comfort for various outdoor application
scenarios, such as those encountered in sports, military, special occupa-
tions, and health care (7).

Recently, there has been growing interest in personal thermoregula-
tion devices (8, 9), which can deliver a precise thermal dose to target
spots on individuals and consequently reduce the heating or cooling
volume by orders ofmagnitude comparedwith building/vehicular-level

thermal envelops. While the traditional heating/cooling system has an
advantage in covering large space with high cooling/heating capacity
and efficiency, which is suitable for applications in large-scale buildings
with a large number of occupants, or when the ambient temperature is
significantly deviated from the thermal comfort temperature, it is also
desirable to use personalized thermoregulation in both indoor and out-
door scenarios for energy efficiency purposes when the number of oc-
cupants to be cooled/heated is small or for enhanced comfort and health
for individuals with different thermal comfort zones. For instance, if
building set temperature can be increased by 7°C with assistance of
the devices in hot climates, then it is expected to save ~70% of energy
consumed by a centralized system (10). The personal thermoregulation
devices are also useful for outdoor heating or cooling, where centralized
heating orAC is not available. In particular, the personal cooling devices
could find applications to improve the health of outdoor athletes and
people of special occupations (e.g., fire fighters and construction work-
ers), who could be exposed to intense heat, against heat stroke or burn.
These devices could also be potentially used to manage multiple symp-
toms and conditions, such as sclerosis, fever, burn wound, and neuro-
logic disorders (7). Application of personal thermoregulation devices in
themilitary also has large potential; the devices would not only be able to
provide thermal protection but could also be capable of hiding thermal
infrared (IR) signature fromhuman body for thermal camouflage against
IR detection.

Heating garments that exploit Joule heating, such as metallic nano-
wire meshes (9), are an example of these personal thermoregulation de-
vices. However, the development of active cooling garments is far more
challenging and largely unexplored as most current cooling devices are
bulky and difficult to integrate into a garment. For instance, commer-
cially available cooling vests contain bulky fluidic channels for coolant
circulation or water/ice packs, and their cooling power is not adjust-
able (7). Given these inherent drawbacks of fluidic-based personal
cooling garments, current studies are focused primarily on solid-state
technologies such as electrocaloric (11),magnetocaloric (12), and ther-
moelectric (TE) cooling systems (13). Nevertheless, despite extensive
material-level studies, wearable devices with high cooling performance
have yet to be demonstrated. Active cooling was recently demonstrated
inminiaturized electrocaloric devices (14) with a high voltage (~10 kV);
however, the temperature drop remained small (1.4°C).

1Materials Science and Engineering Program, University of California, San Diego,
La Jolla, CA 92093, USA. 2Department ofMechanical andAerospace Engineering, Univer-
sity of California, San Diego, La Jolla, CA 92093, USA. 3Department of NanoEngineering,
University of California, San Diego, La Jolla, CA 92093, USA. 4Sustainable Power and
Energy Center, University of California, San Diego, La Jolla, CA 92093, USA.
*Corresponding author. Email: shengxu@eng.ucsd.edu (S.X.); rkchen@ucsd.edu (R.C.)
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fabrication process on the material properties and high-quality inter-
faces for thermal and electrical transport.

The lateral thermal conductivity of the stretchable sheet (kp)
with embedded AlN particles (26 volume %) was measured to be
0.77 W m−1 K−1, which represents an approximately fourfold en-
hancement over that of pristine Ecoflex (0.20 W m−1 K−1), as
shown in Fig. 2C. Incorporating all of these material properties, our
finite element simulation indicated that the flexible TED is expected to
provide ~7°C of maximum cooling with only natural convection and
radiation (see Fig. 2D and fig. S3 for details). Our simulation also
showed that the higher kp achieved with the addition of the AlN mi-
croparticles reduces the peak-to-peak temperature variation on the
stretchable sheets by up to 70% (from 2.7° to 0.7°C) and, eventually,
reduces the power consumption by up to 40% at 6.6°C of TED cooling
effect (fig. S3, B and E). In addition, the simulation results indicate
that the thermal conductivity of our Ecoflex/AlN mixture layer
(0.77 Wm−1 K−1) is sufficient to achieve minimal power consumption
(or maximal cooling effect) because the temperature variation within
the Ecoflex/AlN mixture layer is already sufficiently small (0.7°C)

compared to the temperature difference between the hot side and
ambient temperature (~10°C) (fig. S3, B and F).

We also demonstrated the flexibility and mechanical robustness of
the TED by monitoring the electrical resistance in real time under
bending conditions using various bending radii (r). The resistance of
the TED was stable when r was reduced to 20 mm (Fig. 2E), which
represents the largest curvature of a human body. The resistance of
the device was also stable during 1000 bending cycles for r = 30 mm
(Fig. 2F). These results demonstrate the excellent flexibility of the
TED enabled by our double elastomer layer design embedding rigid
TE pillars between two thin, stretchable Ecoflex sheets.

Power generation performance of flexible TED
With the use of the air gap insulation layer and the optimal thermal
design of high-ZT TE pillars, our TED surpasses the performance of
all previously reported flexible or wearable TEDs, which is the key rea-
son why our device is capable of delivering the long-term active cooling
effect. As none of the previous devices achieved active cooling effect
without the use of heat sinks, here, we demonstrate power generation

Fig. 1. TED design and fabrication process. (A) Schematic illustration of cooling garments with wearable TEDs (left). The internal structure of the wearable TED with
TE pillars connected by flexible copper electrodes and sandwiched between two stretchable sheets (right). (B) Photograph of the fabricated 5 cm by 5 cm flexible TED.
(C) Schematic illustration of TED design. The low thermal conduction inside the TED and high thermal conduction within the stretchable sheets are the key features of
the design used to achieve the cooling effect. (D) Schematic diagram and photographs showing the flexibility of the TED. The double-layer design of stretchable sheets
enhances the flexibility. During bending, the top stretchable sheet expands, while the bottom stretchable sheet contracts. (E) Finite element simulation comparison of
GTED and the bending stiffness of double- and single-layer designs of flexible TEDs as a function of TE pillar height. The double-layer design reduces GTED by 50% and
the bending stiffness by 70% compared to those of the single-layer design. (F) Fabrication process of the TED (see Materials and Methods for details). Photo credit:
Sahngki Hong, University of California, San Diego.
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the subject was exposed to a controlled thermal environment within a
wide temperature span of 22° to 36°C. We then used an external PID
controller (programmable temperature controller PTC10, Stanford Re-
search Systems) to adjust the current applied to the TED to maintain
Tskin at the comfort temperature (32°C) regardless of the ambient tem-
perature. At each ambient temperature set point (namely, 22°, 26°, 29°,
31°, 34°, and 36°C), the current to theTEDwas initially turned off (TED
OFF) during the first 5 min, and the corresponding Tskin was
monitored, as shown in Fig. 5B. As expected, the Tskin largely followed
the ambient temperature: Tskin varied from 28.5° to 34.3°C as Tair was
changed from 22° to 36°C. After the first 5 min, the TEDwas turned on
with its applied current automatically adjusted by the PID controller
with a temperature set point of 32°C. As shown in Fig. 5B, themeasured
skin temperature reached the set point within 2min and then remained
at the set temperature thereafter regardless of whether the ambient tem-
perature was lower (heating from TED) or higher (cooling from TED).
This fast thermal response from the TED followed the same behavior as
the laboratory setup (Fig. 4B). The precise and adjustable skin tempera-
ture control offered by the TED highlights the unique advantages of TE
thermoregulation comparedwith other approaches, such as water or ice
packs, which are not controllable.

We also used an IR camera (E60, FLIR) to image the skin and TED
to visualize the active heat pumping effect. Figure 5C shows the TED

hot-side temperature of approximately 42°C for the maximum cooling
condition, which illustrates the active heat pumping from the cold
(skin) side to the hot side. The hot-side temperature is also consistent
with hair (~11Wm−2 K−1) and the heat dissipation to the environment
(skinmetabolic heat plus TEDpower consumption; see note S2). Figure
5D presents an IR image of the residual cooling effect on the skin im-
mediately after removing the TED. The IR image shows ~2.5°C cooling
on the skin under the area originally covered by theTEDcomparedwith
the rest of the skin.

The achievement of precisely controllable thermoregulation using
the flexible TED has significant implications, which can be best
illustrated by the distinctly different skin temperature responses to am-
bient temperature variation with and without TED operation (Fig. 5E).
The typical comfort temperature range of human skin is 31.5° to 32.5°C,
which corresponds to an ambient temperature range of 28° to 30°C
without the TED (39, 40). When the TED is operating, however, the
skin temperature can be maintained at a constant comfort temperature
of 32°C evenwithin the wider ambient temperature range of 22° to 36°
C, thus simultaneously broadening the comfortable ambient tempera-
ture zone from2°C (Tair = 28° to 30°C) to 14°C (Tair = 22° to 36°C) and
enhancing the wearer’s thermal comfort. This 14°C of comfortable
ambient temperature zone with the TED operation matches with
the results obtained by our PDMS setup that simulated human skin

Fig. 5. Demonstration of thermoregulation on human skin. (A) Photograph and schematic diagram of the TED armband. The wearer’s arm was encompassed by a
controlled thermal environment. (B) Change in Tskin under various Tair conditions before and after TED operation. Without TED operation, Tskin varied from 28.5° to 34.3°C, while
Tair changed from 22° to 36°C. With active thermoregulation of the TED, Tskin converged to the preset comfort temperature (32°C) under all the Tair conditions. (C) IR image of
the TED armband (hot side) during cooling (I = 160 mA) on the subject’s arm. (D) IR image of the skin after removing the TED armband, showing residual cooling effect.
(E) Summary of Tskin as a function of Tair with and without TED operation. The cooling and heating of the TED broadened the comfortable ambient temperature zone
from 2°C (Tair = 28° to 30°C) to 14°C (Tair = 22° to 36°C). (F) Schematic of the TED armband integrated with the flexible battery pack (photograph). (G) Skin temperature
change by TED cooling under three conditions: (1) sitting indoors, (2) walking indoors, and (3) walking outdoors under mild wind conditions. The maximum skin cooling
effect was 6°C. Photo credit: Sahngki Hong, University of California, San Diego.
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