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Electrocaloric (EC) cooling is an emerging technology that has broad potential to disrupt conventional air
conditioning and refrigeration as well as electronics cooling applications. EC coolers can be highly
efficient, solid state, and compact; have few moving parts; and contain no environmentally harmful
or combustible refrigerants. We report a scalable, high-performance system architecture, demonstrated
in a device that uses PbSc0.5Ta0.5O3 EC multilayer ceramic capacitors fabricated in a manufacturing-
compatible process. We obtained a system temperature span of 5.2°C and a maximum heat flux
of 135 milliwatts per square centimeter. This measured heat flux is more than four times higher than
other EC cooling demonstrations, and the temperature lift is among the highest for EC systems that use
ceramic multilayer capacitors.

O
ver the two centuries since the inven-
tion of vapor compression, heat pumps
have become an increasingly essential
technology, with applications ranging
from air conditioning and refrigeration

to the stabilization of precision electronic com-
ponents. Space cooling currently accounts for
about 20% of the total electricity used in build-
ings and 10% of total electricity consumption
around the world (1). As large countries con-
tinue to develop, the demand for air condi-
tioning will increase. The global installation
of room air conditioners is estimated to reach
4.5 billion units by 2050 (2). Applications ex-
tend beyond large-scale cooling, with efficient

heat pumps being critical for thermal man-
agement of many electronic devices and sen-
sors (3), includingnight-vision infrared sensors
(4) and laser diodes (5).
Nevertheless, cooling technologies have only

seen incremental changes in the past few dec-
ades. Vapor compression refrigeration, patented
in 1803 (6), remains the predominant cooling
technology in use. Vapor compression cooling
has been difficult to displace becausemany dec-
ades of development have led to high efficiency,
scalability, reliability, and relatively compact
size (7).However, several issues suggest a need
to move beyond this technology. The high-
performance, nonflammable refrigerants com-

monly in use are hydrofluorocarbons (HFCs)—
global-warming forcers typically thousands
of times more potent than carbon dioxide (8).
Phase-down of HFCs may be one part of a
response to climate change. Replacement
refrigerants require trade-offs between cost,
efficiency, and safety (9). Trans-critical CO2 sys-
tems have favorable thermodynamic properties
but are incompatible with existing compressors
and other equipment (10).
The inveteracy of vapor compression has

hindered the development of zero–global
warming potential (GWP) alternative tech-
nologies (11). High efficiency, characterized
by the coefficient of performance (COP) (the
heat pumping power divided by input power
at a set operating temperature), is essential
for addressing indirect CO2 emissions asso-
ciated with electricity consumption. Of non-
vapor compression space-cooling technologies,
only absorption coolers and evaporative cool-
ers have achievedmeasurable market penetra-
tion, yet these are typically appropriate for
specific-use cases or environments. Other
technologies in development include those
based on the thermoelectric effect (TE) (12), the
magnetocaloric effect (13), the electrocaloric
effect (ECE) (14, 15), the elasto- and barocaloric
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Fig. 1. Operation of the EC system. (A) Relative
positions of the EC modules in the two heat
transfer stages. (B) The heat flow path. (C) Time-
domain illustration of the cyclic application
of electric field and actuation. Emax, The
maximum electric field applied to the module;
t, time. (D) Schematic of the Brayton cycle as
observed for each MLCC. Stage 1 is a cold isoelectric
stage. The electric field across the MLCC is low, the
MLCC absorbs heat from an adjacent MLCC in the
opposite module, and both temperature and entropy
increase. Stage 2 is a nominally adiabatic stage.
The electric field across the MLCC is increased,
resulting in an ECE-induced temperature increase
of the MLCC; at the same time, the actuator voltage
is switched so that the MLCC module alignment
shifts. This stage is ideally isentropic. Stage 3 is a
hot isoelectric stage. With the electric field still
high, the MLCC rejects heat to the adjacent MLCC of
the opposite module; both temperature and entropy
decrease. Stage 4 is a nominally adiabatic stage.
The electric field is switched back to zero, leading to
a temperature decrease in the MLCC; the actuator
is switched so that the MLCCs return to their original
alignment. This stage is ideally isentropic. T-S,
temperature-entropy.
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effects (16), adsorption cooling (17), and en-
hanced radiative cooling (18).Gas-phase tech-
nologies, including Stirling and thermoacoustic
coolers, have found niche applications, for
example, in cryogenic pulse-tube refrigerators.

The only technology that has been widely
commercialized is based on the TE, primarily
as Peltier devices for electronics cooling. The
success of TE technology is directly attribut-
able to its compact form factor and simple

operation. Despite decades of intensive re-
search, the low efficiency of TE commercial
devices arises from fundamental material and
form-factor limitations, which have not been
substantially improved. There appears to be
no clear path to achieving vapor compression–
equivalent efficiencies, especially for larger-
scale systems (19).
Among emerging technologies, electrocalo-

ric (EC) cooling has the potential for high
efficiency and near solid-state operation. The
ECE is a material property characterized by
an adiabatic temperature change with an
applied electric field (20). A heat pump can be
realized by thermally coupling EC materials
alternately to a heat sink and source synchro-
nously with the application and removal of a
polarizing field. The ECE is driven by electric
fields, eliminating the need for large com-
pressors, pumps, or magnets. The strategy is
a scalable replacement, both for vapor com-
pression systems and for thermoelectric de-
vices (21–24). In recent decades, tremendous
progress has been made in material develop-
ment, yielding extremely promising materials
that evince a “giant” ECE associated with a
first- or second-order ferroelectric phase change.
Both high-performing relaxor ferroelectric
ceramic (14, 25–30) and polymer EC materials
(15, 27, 28) have been developed. Predictions of
adiabatic temperature changes greater than
40°C were based on extrapolations from lab-
oratory measurements (27). Nevertheless, de-
monstrations of cooling systems based on
advanced materials have lagged. The primary
limitation has been the inability to realize
these materials in scalable form factors at
quantities compatible with incorporation into
systems. Material properties have been char-
acterized in thin films and small bulk samples
in laboratories. Achieving similar properties
in components with high thermal mass has
remained elusive. Most system demonstra-
tions (31–38) have low temperature lifts, and
only a few reported measured cooling power
(31, 32). Polymer and ceramic materials have
similar volumetric EC energy densities, and
systems with both material types have been
demonstrated. The highest temperature span
of a polymer system reported in a peer-reviewed
publication is 5 K (34). A temperature span up
to 8.4°C of a polymer system was claimed in a
government project report (39). However, the
low thermal conductivity of polymers neces-
sitates the use of thin films of not more than
several tens ofmicrometers for adequate heat
transfer for a practical heat pump [for exam-
ple, (31)]. This makes scaling to high-capacity
and high-performance systems very challeng-
ing. Ceramic materials have higher thermal
conductivity, enabling thicker, higher–thermal
mass devices.
We developed a scalable, high-performance

system based on ceramic EC materials in a
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Fig. 2. MLCC images and characterization results. (A) Photograph of an MLCC. (B) Photograph and
SEM (inset) of a cross section of an MLCC. (C) Induced temperature changes of the MLCC over time with the
application and removal of polarizing electric fields. Measurements are performed at room temperature.
DE, change in applied electric field. (D) Amplitude of the temperature changes during heating and cooling as
a function of electric field magnitude.

Fig. 3. EC cooler and key components. (A) Top and bottom EC modules assembled on ATC plates. The
inset shows the copper through-vias behind the MLCCs. (B) Bottom housing structure, including miniature
fan and air flow path. (C) Solid model of the cooler assembly. (D) Photograph of the cooler assembly.
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modular cascaded self-regenerating architec-
ture with low thermal loss. We demonstrated
the system in a device that uses partially or-
dered PbSc0.5Ta0.5O3 (PST)–based EC mul-
tilayer ceramic capacitors (MLCCs) as the
working elements. These MLCCs have an adi-
abatic temperature change of 2.5°C for a
polarizing field of 10.8 MV/m at room tem-
perature. The system achieves a temperature
span of 5.2°C and a heat flux of 135 mW/cm2

separately, using the same polarizing field.
This temperature span is one of the highest
reported in a ceramic EC system since the
foundational work at theMoscow Power Engi-
neering Institute in the early 1990s (29, 30).
The fluid-regenerated systems built there used
0.3-mm-thick PST plates as the working body
and reported a temperature lift as high as
12.7°C (30). Unlike that early work, which
was designed as a laboratory experiment, we
designed our system to be scalable, using mul-
tilayer capacitors fabricated in an electronics
manufacturing process, a modular configura-
tion, and solid-state regeneration. With a few
exceptions (31, 32), most EC device reports
only include measurements of maximum tem-
perature span and do not measure cooling
capacity. This is a critical quantity for technol-

ogy comparison. For EC systems, heat flux
gives insight into material utilization and
overall system size. Ourmeasured heat flux is
~4.5 times the 29.7mW/cm2 thatwas reported
for a system that achieved a maximum tem-
perature span of 2.8°C at zero heat flux in a
separate experiment (31). Scalable materials,
together withmechanical simplicity andmodu-
lar design, can ultimately enable a systemwhose
size, efficiency, and cost are competitive with
those of vapor compression.
Our system comprises a pair of stackedmod-

ules, each containing EC MLCCs distanced
with thermal insulating materials between
them (Fig. 1, A and B). The inclusion of the
insulation is a critical improvement of this
design over continuous active regenerators
because it interrupts the thermal shunting
along the temperature gradient, a substantial
source of loss. The modules are thermally
coupled such that heat is easily transferred
from one to the other. They are moved lat-
erally relative to one another as the polariz-
ing electric field is switched synchronously
(Fig. 1C). In this way, we generated a temper-
ature lift between the two ends of the device
that is greater than theMLCC adiabatic tem-
perature change. Another keydesign innovation

is the use of anisotropically thermally conduc-
tive (ATC) plates to enhance heat exchange
between layers while maintaining low lateral
thermal leakage. The ATC plates are designed
to have high through-plane and low in-plane
thermal conductivity.
We prepared the EC MLCCs using a solid-

state reaction and tape casting process (40, 41),
a large-volume capacitor manufacturingmeth-
od commonly used in the electronics industry.
We formed the dielectric layer from PST EC
material with a B-site cation order of ~0.70 to
0.78. The Curie temperature of this material is
13°C and can be readily modified with chem-
ical substitution and by controlling B-site cation
ordering (42). The inner electrodes are Pt. The
dielectric and electrode layers are ~37- and
~1.5-mm thick, respectively. We used Ag paste
to form the external terminals. We photo-
graphed and obtained a scanning electron
microscopy (SEM) image of an MLCC cross
section (Fig. 2, A and B). We characterized the
adiabatic temperature change of the MLCC
by direct measurement. Wemeasured the dy-
namic EC temperature as the polarizing fields
are applied and removed (Fig. 2C). We also
measured the heating and cooling adiabatic
temperature changes of the MLCC for sev-
eral magnitudes of the polarizing field (Fig.
2D) (43).
We optimized the system to maximize heat

transfer between the MLCC modules while
minimizing thermal leakage (Fig. 3, C and D).
We fabricated each ATC plate from glass-
reinforced epoxy (FR-4) laminates and cop-
per in a standard commercial printed circuit
board (PCB) process. In the regions of the
plate where the MLCCs are attached, plated-
copper through-vias serve as thermal shunts
for high through-plane thermal conductivity.
The diameter of the vias and the pitch of the
array are 150 and 300 mm, respectively. The
effective through-plane thermal conductivity
in the region of the vias is about 85.7 W/(m·K)
based on a finite-element simulation in
COMSOL, assuming 400W/(m·K) as the ther-
mal conductivity of electroplated copper and
0.29 and 0.81 W/(m·K), respectively, as the
through-plane and in-plane thermal conduc-
tivities of FR-4 (44). TheMLCCs are assembled
onto the ATC plates to form the top and bot-
tom EC modules (Fig. 3A), which contained
five and four MLCCs, respectively. The bottom
module has an aluminum plate-fin heat sink
at each end to facilitate achieving stable tem-
peratures when required. The modules are
seated in a 3D-printed VeroClear housing filled
with polyurethane foam insulationwith a ther-
mal conductivity of 0.04W/(m·K). The housing
(Fig. 3B) provides structural support and mini-
mizes heat leakage. We attached a miniature
fan to one end to flow air across the hot-end
heat sink. We connected the top housing to a
spring-returned single-acting linear solenoid
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Fig. 4. Characterization result of the EC cooler. (A) Measured hot- and cold-end temperatures with a
400-V polarizing voltage and 5-s cycle period. Data are sampled at 20 Hz. (B) The maximum temperature
span as a function of operating cycle period with 400-V operation. (C) Measured hot- and cold-end
temperatures at different applied heater powers. Data are sampled at 20 Hz and filtered by a 200-point
moving average. (D) System temperature lift, Th − Tc, as a function of cooling power. Error bars show the
maximum value range based on the calculated uncertainty in the heater power measurement.
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actuator with a maximum stroke length of
12.7 mm and a contraction force of 7.2 N at
50% stroke. Application of 12-V dc to the ac-
tuator draws the top module toward the actu-
ator. When the voltage is returned to zero, the
solenoid relaxes and a spring returns it to its
original position. The extents of actuation in
each direction are set by adjusting the position
of the actuator and an adjustable buffer. The
EC module housing provides vertical pressure
through a set of wheels to enhance the ther-
mal contact between the twomodules without
hindering sliding. Control software synchro-
nizes the actuation of the top module layer
with the application of electric fields to the EC
capacitors (43).
Weoperated theMLCCsunder anECBrayton

cycle, with two isoelectric and two isentropic
stages (Fig. 1D). To measure the maximum
temperature span, we fully insulated both
ends of the device. The heat sinks are filled
with silicon paste to prevent air flow, the fan is
removed, and the hot end is enclosed in foam
insulation. Thermistors for measurement of
the hot and cold end temperatures, Th and Tc,
respectively, were fitted into bore holes in the
aluminum heat sinks. The variation in offset
between the two thermistors was measured to
be less than 0.1°C, allowing accurate measure-
ment of small temperature lifts. We measured
hot-end and cold-end temperatures with the
cooler operated at a 400-V polarizing voltage
(equivalent to ~10.5-MV/m electric field) and a
0.2-Hz switching frequency (5-s period) with a
50% duty cycle and negligible transition time
(Fig. 4A). We also determined the maximum
temperature lift DT = Th − Tc for several differ-
ent operating cycle periods, all with a polariz-
ing voltage of 400 V (Fig. 4B). We achieved a
maximum temperature span of 5.2°C at an
operation frequency of 0.15 Hz (6.7-s period).
This is equivalent to a ~0.09°C/mm temper-
ature gradient along the heat pumping axis.
To measure the cooling power, we attached

a 1-mm–by–2-mm 100-ohm chip resistor to the
cold end and used it as an electric heater. The
fan provides air flow across the uninsulated
hot-end heat sink tomaintainTh near ambient
temperature. We characterized the system by
varying the current through the heater resistor
and allowing the temperature lift DT to stabi-
lize (Fig. 4, C and D). Because the coupling to
ambient temperature is imperfect, over the
course of the experiments, theheat sink temper-
ature, Th, increases slightly as heat is pumped
to the hot end. The cold end temperature, Tc,
changes in discrete steps as the heater power
is varied. Because the temperature difference
between the heater and the environment is
small and the insulation is very good, heat
leakage is negligible, and the heat pumped by
the cooler is well approximated by the applied
heater power. The measurement results show
a linear relationship between the cooling power

and temperature lift. We achieved a maximum
heat power of ~85 mW with no temperature
lift. This value is equivalent to a heat flux of
~135 mW/cm2, given the 0.63-cm2 active cool-
ing area of the MLCC. The specific cooling
power normalized to the volume of the active
electrocaloric material is ~116 mW/cm3. We
also calculated the cooling power normalized
to the total volume and to the total mass—each
including the inactive material of the MLCC,
the ATC plate, and the insulating material—to
be ~29.2 mW/cm3 and ~6.8 mW/g, respec-
tively. The equivalent heat flux in the heat
pumping direction is ~156 mW/cm2, given the
0.54-cm2 cross-sectional area normal to the
heat flow direction.
A key determinant of the efficiency of a heat

switch–based EC cooling system is the effec-
tive thermal contrast ratio K′, defined as the
ratio of “effective” on and off conductivity, kh′
and kl′ (45). We can model our system as a
cascaded heat switch–based architecture (43).
In an otherwise ideal heat switch–based sys-
tem operating under a Carnot cycle, the COP is
given by

COPK ′ ¼ Qc

WECE
¼ COPr;K ′ � COPCar

¼
ffiffiffiffiffi
K ′

p
� 1ffiffiffiffiffi

K ′
p

þ 1

 !2

COPCar ð1Þ

where WECE is the work required to move
heat through actuation of the ECE, K′ is the
effective heat-switch contrast ratio, Qc is
the heat collected from the cold side of the
device, andCOPCar ¼ Tc=ðTh � TcÞ is themaxi-
mum thermodynamic (Carnot) COP. COPr,K′
is the maximum COP relative to COPCar for a
heat switch–based system with effective ther-
mal contrast ratio K′ (33). Assuming a nec-
essarily imperfect charge recovery, system
efficiency is given by

COPC ¼ Qc=Wtot

¼ Qc=½WECE þWelecð1� hECRÞ�
¼ helec � COPK ′ ð2Þ

where Welec is the additional electrical work
associated with charging and discharging the
EC capacitor, and hECR is the electrical charge
recovery (ECR) efficiency, or the portion of
electrical energy recovered each cycle. This
work is often disregarded in thermodynamic-
cycle efficiency calculations that assume that
input work and net cycle work are equivalent,
leading to unrealistically high efficiency esti-
mates.Wedidnot observemeasurable frictional
or Joule heating in the system. Additionally, the
mechanical work required to move the recip-
rocating system is orders of magnitude smaller
than other work terms (43). Thus, we can neg-
lect this term as well as the electrical work

required to drive the actuator, assuming a
reasonably efficient actuator. The electrical
efficiency factor helec is given by

helec ¼
WECE

WECE þWelecð1� hECRÞ
ð3Þ

and can be approximated as

helec ¼
1

1þ Te
rcE

DE
DT

� �2ð1� hECRÞ
ð4Þ

for given electrical permittivity e, material den-
sity r, and heat capacity at constant electric
field cE (43). As detailed in (43), this approx-
imation is based on a number of simplifying
assumptions to allow analytical insight. Amore
complete thermodynamicmodel is required for
an accurate calculation of helec and system COP
(46). Operating on a Brayton cycle instead of a
Carnot cycle, the COP is reduced by the ratio of
the temperature difference between the heat
source and heat sink to themaximum temper-
ature difference internal to the device, D/d
(45), giving the system relative COP (sometimes
termed efficiency):

COPr ¼ D
d
� COPC

COPCar

¼ D
d

1

1þ Te
rcE

DE
DT

� �2ð1� hECRÞ

ffiffiffiffiffi
K ′

p
� 1ffiffiffiffiffi

K ′
p

þ 1

 !2

ð5Þ

We determined helec as a function of hECR
for the partially ordered PST material used in
this work (fig. S5) and the material parame-
ters (table S2). As the material ECE improves
relative to the permittivity, the impact of ECR
decreases. A simple tank circuit can achieve
hECR as high as 98% in the best case (47). This
value would yield an electrical efficiency factor
of 77.3%.With amore conservative hECR of 95%,
the electrical efficiency factor is 57.7%.
In our system, the thermal contrast ratio K′

was calculated to be 6.7 (43), corresponding to
a COPK′ of 20% and a potential COPr of 11.5%
in the limit of D/d = 1, assuming 95% effective
charge recovery, and a potential COPr of 15.5%
with 98% charge recovery efficiency, based on
a simple, linearized efficiencymodel. This value
is itself competitivewith thermoelectric cooling
devices, which typically are limited to COPr <
15% (48). Although the thermal contrast ratio
of 6.7 is notably smaller than the 27 previously
reported by our team (32), the previous result
was for a single-stage silicon heat switch–based
system that is not readily scalable to high tem-
perature lifts. The low thermal contrast ratio in
the present system is largely attributable to low
“off” conductance associated with the high
thermal conductance of the thick copper traces
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used. We anticipate being able to achieve a
contrast ratio of 23 (table S3) through im-
provedmetallization design. Much higher effi-
ciencies are possiblewith increasedK′ through
straightforward system improvements. These
include the following: (i) Reducing the thick-
ness of the copper traces, tm, on the PCB from
36 to 1 mm. Sputtered~1-mm-thick copper traces
have been experimentally verified to carry the
transient switching current. (ii) Replacing the
PCB with a polymer material like acrylic. Poly-
mers have much lower thermal conductivity
[~0.2W/(m·K)] than the in-plane thermal con-
ductivity of FR-4 [0.81 W/(m·K)]. (iii) Im-
proving the MLCC form factor. MLCCs of the
type used in this device have higher thermal
conductivity in the direction parallel to the
metal inner electrodes (49), yet this value is
constrained to be normal to the preferred heat
transfer direction in the reported device be-
cause of the relatively few layers and large
area of the MLCCs used. If the PST MLCCs
are fabricated with the same form factor as a
commercial MLCC (1210ZG226ZAT2A, AVX,
Northern Ireland) and assembled into the sys-
tem (see fig. S6), the performance can be sub-
stantially enhanced. Further improvements are
also possible, for example, by using a higher-
conductivity metal for electrodes. Our estimate
of the COPr of the current design, along with
assumptions of these improvements for hECR
of 95 and 98%, shows that up to 56.4% may
be achievable with the existing PST material
(table S3). These values couldmake our system
competitive with vapor compression cooling.
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appliances with further optimization.

based−The new designs demonstrate the potential for devices that might be competitive with vapor compression
 used fluids for heat transfer, leading to a very large temperature difference between the hot side and the cold side. et al.
 obtained a very large heat flux using only solid materials and a cooling fan to remove heat from their device. Torelloet al.

electrocaloric cooling using lead scandium tantalate capacitors that change temperature under an electric field. Y. Wang 
been optimized, but they can be noisy and rely on problematic greenhouse gases. Two groups now present designs for 

Current large-scale cooling devices use vapor compression refrigeration. The efficiency of air conditioners has
Competitive cooling with capacitors
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