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There is a growing and drastically underutilized abundance of energy stored on earth at small tem-
perature difference, most familiarly in the form of low-grade waste heat. For the purpose of making use
of this stockpile of energy, the direct conversion of heat to electricity is demonstrated using first-order
phase transformations in lead-free BaTiO3 ferroelectrics. The thermodynamics of solid-state energy con-
version using first-order phase transformations is investigated using a free-energy approach wherein the
importance of the well-known Clausius-Clapeyron relation in opening up the mixed-phase region is dis-
cussed. A simple two-capacitor circuit is introduced to experimentally demonstrate the direct conversion
of heat to electricity. By fluctuating the temperature by just ±5 ◦C, current spikes of roughly 1 μA are
sent back and forth across an electric load with no external battery attached. Finally, a supercritical
ferroelectric Carnot cycle that would produce an energy density of 1.15 J/cm3 with a thermal effi-
ciency of 15% is introduced, simulated, and compared with state-of-the-art pyroelectric energy-conversion
methods.
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I. INTRODUCTION

The functional properties of multiferroic materials have
driven them to the forefront of contemporary research
areas ranging from energy conversion to sensing to actua-
tion [1–5]. Ferroic materials respond to external stimuli by
undergoing spontaneous changes in macroscopic behavior:
ferroelastics, ferroelectrics, and ferromagnetics undergo
spontaneous changes in elastic, electrical, and magnetic
ordering, respectively. Multiferroic materials exhibit two
or all of these behaviors, where the discrete ferroic behav-
iors are often coupled. In a subset of multiferroic materi-
als, the functional properties are enabled via diffusionless
first-order phase transformations where sharp changes in
lattice structure are coupled with sharp changes in elastic,
electrical, or magnetic properties.

For example, ferroelastic-ferroelectric BaTiO3 under-
goes a first-order phase transformation from a paraelectric
cubic phase to a strongly ferroelectric tetragonal phase
upon cooling. When this transformation is induced while
the material is under an electrical bias, it results in a jump
in polarization (> 15 C/m2) [6]. The first-order nature of
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the phase transformation not only makes this change in
properties abrupt, but it also gives rise to a mixed-phase
region that can potentially support high-efficiency thermo-
dynamic cycles [7]. This is the solid-state analog of the
utility of first-order phase transformations in steam gen-
erators. BaTiO3 has other advantages as well: it is free
of toxic and environmentally hazardous lead [8,9], has a
low Curie temperature (Tc = 120 − 130 ◦C) [10–12], and
has relatively low hysteresis [13,14]. This combination
of properties makes this well-studied oxide a natural fit
for the conversion of energy stored at small temperature
differences to electricity.

Energy stored at small temperature difference is a grow-
ing and drastically underutilized stockpile of convertible
resources. According to a 2008 U.S. Department of Energy
report on waste heat recovery, the U.S. industrial sec-
tor alone consumes one fifteenth of the power consumed
from all sources worldwide: 25%–50% of this power is
rejected as waste heat and 60% of unrecovered waste heat
is “low grade” or “low quality” (< 200◦C) [15]. A more
recent 2016 study on energy consumption in the U.S.
reports that two thirds of all of the energy produced in
the U.S. is now ultimately rejected as waste heat [16].
Besides the massive reserves of waste heat from man-
made sources, there are also enormous natural reserves
stored on earth at small temperature difference, such as
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the heat stored in large bodies of water. Other significant
sources in the small-temperature-difference regime include
the heat generated by solar-thermal plants and the grow-
ing waste heat from data centers, which in the U.S. now
consume about 3% of the energy budget. For the latter,
chip-level integration is desirable and possible with the
method discussed here.

Energy conversion using first-order phase transforma-
tions between ferromagnetic and nonferromagnetic phases,
or ferroelectric and nonferroelectric phases, has been dis-
cussed in Refs. [7,17,18]. To recover the electricity, one
uses induction in the magnetic case and capacitance in the
ferroelectric case. In the ferroelectric case studied in this
paper, a critical role is played by the well-known effect
of the electric field on the transformation temperature. In
the energy-conversion device, this effect serves to split
the transformation temperature so that the transformation
occurs at a higher temperature on heating and a lower tem-
perature on cooling, opening up the mixed-phase region
referred to above. While the optimization is different, a
relevant literature for ferroelectric energy conversion is
the modeling of electrocaloric refrigeration [19]: ferroelec-
tric energy conversion can be considered as electrocaloric
cycles run backward.

These effects distinguish the method discussed here
from the pyroelectric methods, such as those discussed
in Refs. [5,20–26]. Pyroelectricity is a single-phase effect
governed by the pyroelectric coefficients. For the analy-
sis of the latter, one uses the Maxwell relations, while
the splitting of transformation temperature mentioned
above is governed by the well-known Clausius-Clapeyron
equation, based on a free energy that contains a polar-
ization dependence (see below). However, if a first-order
ferroelectric phase transformation is smeared out by inho-
mogeneity and disorder at the nanoscale, such as in a
relaxor ferroelectric, then it can appear to behave like a
single-phase material; this is exploited in Refs. [5,22–24].
Exactly the same smearing occurs in magnetic materials
and has led to controversy as to whether the magne-
tocaloric effect should be modeled as a first-order trans-
formation or as a single-phase material; this was resolved
in Ref. [27]. In the present paper, in both theory and
experiment, we exploit the first-order nature of the phase
transformation.

For the evaluation of the performance of a heat-to-
electricity energy conversion device, it is essential to
distinguish the cases of generator efficiency and system
efficiency. Losses in the generator itself can be compen-
sated by periodic replenishing (“priming”) and this can
be effective in optimizing the efficiency or power output
[28,29], as in our analysis of the supercritical ferroelectric
Carnot cycle below. However, overall measures of per-
formance, such as system efficiency, that can be used to
compare different energy-conversion devices must account
accurately for all sources of power, such as depletion of

batteries, in addition to the heat source and must assure that
the device returns to its original state after each cycle [7].

In this paper, we examine the thermodynamics of solid-
state energy conversion using first-order phase transforma-
tions in BaTiO3. We give a detailed model of the process
based on a Landau-type free energy [6]. We demonstrate
the conversion of small temperature differences to electric-
ity using a two-capacitor circuit consisting of a BaTiO3
ferroelectric capacitor and a regular capacitor. The model
is based on the accurate free energy of Wang et al. [6]
together with a circuit model that clarifies the thermo-
dynamics behind this method of energy conversion. Our
discussion of high-efficiency thermodynamic cycles for
future devices leads us to introduce a “supercritical ferro-
electric Carnot cycle,” using the two-capacitor circuit as a
building block.

The two main sources of loss identified and quantified
in this paper are hysteresis of the phase transformation
and leakage. Fortunately, there is a systematic materials-
development procedure for reducing hysteresis in first-
order phase transformations [30–36] that has recently been
shown to be effective in oxides [37,38]. It remains to be
seen whether this procedure is applicable to ferroelec-
tric oxides. Reduction of leakage requires high-quality
single-crystal films with attention paid to the design and
quality of interfaces. Both of these sources of loss can be
significantly improved in suitably doped BaTiO3, as will
be shown in forthcoming work.

(a)

(b)

FIG. 1. The dielectric constant and capacitance (pF) (a) and
loss tangent (b) of the BaTiO3 single crystal as a function of
temperature.
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II. EXPERIMENTAL SECTION

The BaTiO3 used for all measurements is provided by
MTI Corporation. The material is 0.5-mm-thick (100) sin-
gle crystal in the cubic paraelectric phase and contains both
a and c domains in the tetragonal ferroelectric phase. The
material provided by MTI measures 5 mm × 5 mm and is
then cut into four quarters. The active ferroelectric capac-
itor area, Af , used for these measurements is 1.5 mm2.
A Keithley 2220-30-1 dual-channel power supply is used
to charge the circuit and a Keithley 2400 source meter is
used for all voltage and current measurements. The tem-
perature is monitored and controlled using a PLATINUM
Series Omega CS8DPT universal bench-top digital con-
troller. The ferroelectric capacitor is placed on top of a
custom copper stage that consists of two 1/4-in. holes
for the two 1/4-in.-diameter by 1-in.-long 80-W 120-V
cartridge heaters (Tempco part no. 3618K421). All temper-
ature measurements are taken using a thermocouple placed
on the copper stage, directly next to the capacitor. The
transformation temperature of the ferroelectric capacitor
is measured as approximately 120◦C using the PLAT-
INUM Series Omega controller and a Keysight E4990A
impedance analyzer; dielectric constant measurements are
taken at 100 kHz with a 50 mV peak oscillating frequency.

III. ENERGY-CONVERSION DEMONSTRATION

A. Concept

To demonstrate solid-state energy conversion of small
temperature differences to electricity using first-order
phase transformations, we use the two-capacitor arrange-
ment with an active BaTiO3 ferroelectric capacitor con-
nected in parallel to an ordinary capacitor, as shown in
Fig. 2. An electrical load is represented by a resistor, R.
The areas of the ferroelectric capacitor and of the ordi-
nary capacitor plates are Af and Ao, the thickness of the
active ferroelectric capacitor is d, and the capacitance of
the ordinary capacitor is Co.

The outline of the energy-conversion procedure is as
follows:

(1) Heat the ferroelectric capacitor to T+.
(2) Charge the circuit to V0 using an external battery.
(3) Remove the external battery from the circuit.

(4) Cool the ferroelectric capacitor to T−.
(5) Heat the ferroelectric capacitor to T+.
(6) Repeat steps 4 and 5.

During step 2, some amount of total charge, Qtot = Qf +
Qo, is introduced to the circuit and this charge distributes
between the ferroelectric capacitor (Qf ) and the ordinary
capacitor (Qo) according to their capacitances. After step 3,
the total charge, Qtot, is trapped in the upper portion of the
circuit. When the ferroelectric capacitor is cooled below
the Curie temperature to T−, the active material under-
goes a phase transformation from the paraelectric phase
to the ferroelectric phase and the polarization jumps up.
This increase in polarization attracts charge from the ordi-
nary capacitor, causing a current flow across the load and
a redistribution of the total charge. When the ferroelec-
tric capacitor is heated back above the Curie temperature
to T+, the polarization decreases, sending a current flow
across the load in the opposite direction and another redis-
tribution of the total charge. The key point is that T− < T+
arises from the differing electric fields in the capacitor,
which bias the transformation temperature due to the effect
of field on transformation temperature as mentioned in
the introduction: this effect is embodied in the Clausius-
Clapeyron equation and is a consequence of minimization
of the free energy ϕ(P, T) − EP of the ferroelectric subject
to an electric field E. Thus, by fluctuating about the Curie
temperature, a current is produced back and forth across
the load.

1. Characterization of the ferroelectric and stability

For the free energy of the ferroelectric capacitor, we use
the eighth-order model of Wang et al. [6] for BaTiO3. In
the full vectorial case, this is the following model:

ϕ(P, T) = α1(T)(P2
1 + P2

2 + P2
3)

+ α11(T)(P4
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2 + P4
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FIG. 2. A schematic of the
solid-state energy-conversion
demonstration circuit.
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where (P1, P2, P3) are components in the 〈100〉 directions.
The units of polarization are C/m2 and T is in K , so
that, for example, α1(T) has units of V m/C, so that ϕ

is in V C/m3 = J/m3. The coefficients are given by the
following:

α1(T) = 3.61 × 105(T − 391), α112 = −2.2 × 109,

α11(T) = −1.83 × 109 + 4. × 106T, α123 = 5.51 × 1010,

α12(T) = −2.24 × 109 + 6.7 × 106T, α1111 = 4.84 × 1010,

α111(T) = 1.39 × 1010 − 3.2 × 107T, α1112 = 2.53 × 1011,

α1122 = 2.8 × 1011, α1123 = 9.35 × 1010,

with suitable units consistent with the above.
Figure 3 shows a plot of the free energy vs polarization

P1 for various temperatures in the case that P2 = P3 = 0.
For this model, the transition temperature is Tc = 391
K. Specialized to the case P2 = P3 = 0, the eighth-order
model is as follows:

ϕ(P, T) = α1(T)P2 + α11(T)P4

+ α111(T)P6 + α1111P8, P = P1.

To find stable polarizations in a capacitor charged to
voltage �V, we solve the problem

min
P

[
ϕ(P, T) − (�V/d)P

]
. (2)

(J/m3) 

(C/m2) 

FIG. 3. A plot of the free energy given in Eq. (1) for a [100]
polarization at various temperatures, showing the evolution of
the energy wells with temperature.

We note that this problem is simplified: the exact energy
is the sum of the energies of the ferroelectric and ordi-
nary capacitors. For a justification of the simple expression
given in Eq. (2), see the Appendix. The minimizing polar-
ization P = P(E, T), E = �V/d, for the energy given in
Eq. (2), is shown in Fig. 4. As expected, an applied field
favors the ferroelectric phase and increases the transfor-
mation temperature. Note that according to this model, the
jump in polarization also decreases as the temperature is
raised, largely because of a strongly nonlinear response
of both phases at the higher temperatures (see the curve
labeled T = 415 K in Fig. 4). Of course, the model does
not describe hysteresis.

The change of transformation temperature with electric
field as shown in Fig. 4 is described by a Clausius-
Clapeyron equation, thereby highlighting the role of latent
heat. This is done by noticing that at each electric field E =
V/d > 0, there is a temperature T = Tc(E), depending
on E, and two polarizations Pp(E) < Pf (E) (“p” denotes
paraelectric; “f ” denotes ferroelectric) that equiminimize
the total energy:

ϕ[Pp(E), Tc(E)] − E Pp(E)

= ϕ[Pf (E), Tc(E)] − E Pf (E)

≤ ϕ[P, Tc(E)] − E P, (3)

for all P. Therefore we have the necessary conditions,

E = ∂ϕ

∂P
[Pp(E), Tc(E)] = ∂ϕ

∂P
[Pf (E), Tc(E)], (4)

(also evident in Fig. 4). We differentiate the equality in Eq.
(3) with respect to T and use Eq. (4): some terms cancel
and the remaining give the following:

{
∂ϕ

∂T
[Pp(E), Tc(E)] − ∂ϕ

∂T
[Pf (E), Tc(E)]

}
T ′

c(E)

= Pp(E) − Pf (E). (5)

Electric field (kV/cm) 

P
ol

ar
iz

at
io

n 
(C

/m
2 )

FIG. 4. A plot of the minimizing polarization vs the elec-
tric field at various temperatures according to the model of
Wang et al. [6]. This is calculated by doing a numerical mini-
mization of Eq. (2) for a grid of parameters E, T and then fitting
the resulting function P(E, T).
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We introduce the entropies of the two phases,

Sf = −∂ϕ

∂T
[Pf (E), Tc(E)], (6)

and, from the Second Law of Thermodynamics in its
simplest form, the latent heat L = L(E) by

L = (Sp − Sf )Tc. (7)

Substituting Eqs. (6) and (7) into Eq. (5), we obtain

T ′
c(E) = Tc

Pf (E) − Pp(E)

L
, (8)

the Clausius-Clapeyron equation, which links electric and
thermal quantities. Note that, from this derivation, the
Clausius-Clapeyron equation is still obtained if there is
hysteresis, as long as the width of the hysteresis loop is
independent of temperature and the line of equality of
free energies (the “Maxwell line”) is centered in the loop.
These conditions are typically satisfied to good approxi-
mation in phase transformations with hysteresis, that is, to
cases in which the initial paraelectric state is restored after
one cycle, but there is hysteresis during the cycle. Typ-
ically, the more symmetric paraelectric phase has higher
entropy and, since Pf > Pp , we have T ′(E) > 0 and, as
observed in Fig. 4, an electric field increases the transfor-
mation temperature. Also, L > 0, which means that during
the transformation from the paraelectric to the ferroelec-
tric phase, the material releases latent heat. Note that a
small latent heat favors a big change of transformation
temperature with the electric field.

B. Characterization of the circuit response

At step 1 of the energy-conversion procedure introduced
in Sec. II A, the ferroelectric capacitor is heated to T = T+.
T+ is chosen to be high enough so that, at the electric
field E = −V0/d, the active material is in the paraelec-
tric phase, i.e., T+ > Tc(E). Tc(E) can be calculated from
the polarization of the ferroelectric (Pf ) and paraelectric
(Pp ) phases at a given E using the Clausius-Clapeyron
relationship given in Eq. (8).

During steps 2 and 3, a total charge Qtot is supplied to the
circuit by bringing the upper part of the circuit to a voltage
V0. Since, by definition, �V = V(−∞) − V(∞) = −V0, it
is helpful to assume that V0 < 0. Then, E = −V0/d > 0,
the polarization in the ferroelectric capacitor is positive,
and the upper plates of both capacitors are negatively
charged. At step 4, the ferroelectric capacitor is cooled
from T+ to T−, beginning at t = 0. T− is chosen to be low
enough so that, at the electric field E = −V0/d, the active
material is in the ferroelectric phase, i.e., T− < Tc(E). Let

us assume a time-dependent temperature

T(t), T(0) = T+, T(τc) = T−, (9)

with τc being the duration of the cooling. As discussed
above, the charge is distributed between the two capaci-
tors where the distribution depends on T(t), but in all cases
we have the following:

Qtot(t) = Qf (t) + Qo(t) (10)

and

Qf (t) = −Af P[E(t), T(t)], Qo(t) = CoV(t). (11)

We note that the first expression in Eq. (11) corresponds
to complete screening. Using E(t) = −V(t)/d, the rela-
tionship between the voltage and the total charge is as
follows:

Qtot(t) = Qf (t)+ Qo(t) = −Af P[−V(t)/d, T(t)] + CoV(t),
(12)

where V(0) = V0.
At some time during cooling, the active material under-

goes a phase transformation from the paraelectric phase to
the ferroelectric phase and the polarization P jumps up.
At this time, the total charge within the circuit Qtot will
need to be redistributed so that the ferroelectric capacitor
holds more charge. In other words, the ordinary capacitor
discharges onto the active ferroelectric capacitor through
the load, creating a current flow i(t). During this flow, Qf
becomes more negative, while Qo increases, i.e., becomes
less negative. Let Vf (t) be the voltage on the left side of
the resistor and Vo(t) be the voltage on the right side. We
can solve for Qf (t) using the following:

Qf (t) = Qf (0) −
∫ τc

0
i(t)dt, Qo(t) = Qo(0) +

∫ τc

0
i(t)dt,

(13)

Equations (10)–(12), and Ohm’s law:

Vo(t) − Vf (t) = i(t)R, Vf (0) = Vo(0) = V0. (14)

With these relations, all equations are satisfied except the
first of Eqs. (11), which remains as the implicit differential
equation,

Qf (t) = −Af P
[

Qf (t) − Qtot

d Co
− R

d
Q̇f (t), T(t)

]
. (15)

Inverting E = ∂ϕ(P, T)/∂P, where ϕ is the free energy
and restricting to the stable branches of the free energy,
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i.e., E = ∂ϕ(P, T)/∂P|stable, gives

Q̇f (t) = Qf (t) − Qtot

R Co
−

(
d
R

)
∂ϕ[−Qf (t)/Af , T(t)]

∂P

∣∣∣∣
stable

,

(16)

subject to an initial condition for Qf (0) that comes from
step 1. Note that this equation is satisfied if we use T(t) =
T+ and Qf = Qf (0) = Qtot − Qo(0).

Essentially, Eq. (16) is a dissipative differential equation
the solution of which passes from one equilibrium state at
T+ to another at T−, so it is first worth looking at the equi-
librium states E+, P+ and E−, P−. (We use the superscript
notation ± to denote these equilibrium states correspond-
ing to T±.) At equilibrium, we have the following:

T = T+ : Q+
f = −Af P(−V+/d, T+), Q+

o = CoV+,

T = T− : Q−
f = −Af P(−V−/d, T−), Q−

o = CoV−,

and at all times, we satisfy Eq. (10). We can represent these
equations graphically. By eliminating Q±

o from Eq. (10)
and substituting E± for −V±/d, we have the following:

P(E−, T−) − P(E+, T+) = 1
Af

(Q+
f − Q−

f )

= Cod
Af

(E+ − E−). (17)

Equation (17) tells us that maximizing the charge transfer
is equivalent to maximizing the difference in polarization.
Eliminating Q±

f and rearranging, we have the following:

P(E+, T+) − P(E−, T−)

E+ − E− = −Cod
Af

. (18)

Equation (18) says that the slope of the line connecting the
two equilibrium states, dP/dE, is equal to minus the ref-
erence capacitance Co times the purely geometric aspect
ratio d/Af of the active ferroelectric capacitor. This is
illustrated in Fig. 5. This graphical description tells us that
the relationship between the equilibrium states can be con-
trolled via either the geometry of the ferroelectric capacitor
or the capacitance of the ordinary capacitor.

We note that when E− is very small, the field on the fer-
roelectric capacitor may not be sufficient to transform the
ferroelectric capacitor to the poled ferroelectric phase, as
predicted by the above energy minimization. As seen from
the polarization values recorded in Fig. 6, our fields are
sufficient for nearly complete transformation and poling as
predicted by the model.

IV. COMPARISON BETWEEN THEORY AND
EXPERIMENT

The circuit in Fig. 2 is constructed using a (100) BaTiO3
single crystal with a thickness of 0.5 mm and an area of

1.5 mm2, purchased from MTI, a 5.1 k� resistor, and ref-
erence capacitors with capacitances of Co = 1 pF, 1 μF,
and 10 μF. The circuit is charged to V0 = 60 V using a dc
voltage supply at T+ = 124 ◦C and then the voltage supply
is removed at t = 0. The temperature of the ferroelec-
tric capacitor is then fluctuated between T+ = 124 ◦C and
T− = 114 ◦C. A low-temperature fluctuation frequency
(approximately 0.01 Hz) is used for this first demon-
stration; the effect of frequency will be the subject of a
future experiment. The electric field across the ferroelectric
capacitor is monitored by measuring the voltage across the
ferroelectric capacitor Vf (t) and using Ef (t) = −Vf (t)/d.
The polarization across the ferroelectric capacitor is moni-
tored using a Sawyer-Tower bridge [39] consisting of an
additional 1-μF capacitor CST in series with the ferro-
electric capacitor and using P(t) = CSTVST(t)/Af , where
VST is the voltage across the Sawyer-Tower capacitor.
Finally, the current i(t) flowing between the two capacitors
is measured in series with the resistor.

The results in Fig. 6 show the circuit response for the
Co = 1 μF case. Figure 6 shows both the measured exper-
imental data as well as the predicted behavior calculated
using the free-energy model and the relations discussed
throughout Sec. III. As the material transforms between
the paraelectric and ferroelectric phases, the electric field
and the polarization can be seen jumping between the
two equilibrium states at T+ and T−, as illustrated in
Fig. 5. Each time the polarization jumps, the total charge is
redistributed between the ferroelectric and ordinary capac-
itors and current flows through the resistor. This current
is directly related to the power [i(t)2R] being dissipated
through the resistor.

As shown in Fig. 5, the slope of the line connecting
the two equilibrium states on a polarization vs electric
field plot can be calculated using the capacitance of the
ordinary capacitor and the geometric aspect ratio of the fer-
roelectric capacitor (Eq. 18). This relation is verified using
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Electric field (kV/cm) 

FIG. 5. A graphical construction for the description of the equi-
librium states at temperatures T+ and T−. The choices T− =
404 K and T+ = 415 K are just for the purpose of illustration.
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FIG. 6. The direct conversion of
small temperature fluctuations to
electricity using first-order phase
transformations in a ferroelectric
capacitor.

three different ordinary reference capacitors Co. Table I
shows the experimentally measured slope, dP/dE, and the
theoretical slope calculated using dP/dE = −Cod/A. The
results show very close agreement between the experimen-
tal and theoretical values. Note that the experimentally
measured slope for the Co = 1 pF case appears to be
several orders of magnitude smaller than the calculated
theoretical slope, but in actuality the line is approximately
horizontal and so both slopes are approximately zero.

It should be noted that the ferroelectric capacitor shows
signs of charge leakage that result in gradual changes
in Vf (t) and VST(t). In Fig. 6, these leakage effects are

fitted and subtracted to focus on the validation of the
energy-conversion demonstration. The leakage does not
affect the current measurements. As mentioned in Sec. I,
reduction of leakage requires high-quality single-crystal
films with attention paid to the design and quality of
interfaces.

V. THERMODYNAMIC CYCLES

Looking ahead, it will be necessary to examine and
optimize the energy densities, power densities, and ther-
modynamic efficiencies of the conversion of waste heat
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TABLE I. The experimental vs the theoretical dP/dE.

Reference
capacitance,
Co

ExperimentalP
dP/dE
(C/Vm)

Theoretical
dP/dE =
−Cod/A (C/Vm)

1 pF 9.41 × 10−14 2.66 × 10−10

1 μF 2.58 × 10−4 2.66 × 10−4

10 μF 2.66 × 10−3 2.66 × 10−3

to electricity using first-order phase transformations in
ferroelectrics. Historically, Ericsson cycles—or Olsen
cycles, as they are known in the pyroelectric litera-
ture—have been used in energy-conversion technologies
containing pyroelectric and relaxor ferroelectric materials
[5,20–22,25,26]. However, these cycles do not take advan-
tage of the large mixed-phase region in first-order fer-
roelectric phase transformations or the sharp jumps in
polarization. Due to the similarities between first-order
phase transformations in ferroelectrics and first-order
phase transformations in steam, it is natural to take
inspiration from steam cycles for ferroelectric energy
conversion.

Analogous to the ideal Carnot vapor cycle, the ideal
ferroelectric Carnot cycle is composed of four reversible
processes:

1–2: Adiabatic charging
2–3: Isothermal depolarization
3–4: Adiabatic discharging
4–1: Isothermal polarization

Step 1–2 is the adiabatic charging of a ferroelectric-
paraelectric mixture to a saturated ferroelectric (analogous
to the adiabatic compression of a liquid-vapor mixture to
saturated liquid). Step 2–3 is the isothermal phase trans-
formation from the ferroelectric phase to the paraelectric
phase (analogous to the isothermal vaporization from satu-
rated liquid to saturated vapor). Step 3–4 is the adiabatic
discharging of the saturated ferroelectric phase into the
two-phase ferroelectric-paraelectric mixture region (anal-
ogous to the adiabatic expansion of saturated vapor). Step
4–1 is the isothermal partial phase transformation of the
ferroelectric-paraelectric mixture toward the ferroelectric
phase (analogous to the partial condensation of the liquid-
vapor mixture). The process curves associated with the
ideal ferroelectric Carnot cycle are shown in red in the
temperature vs entropy, T − S, and polarization vs electric
field, P − E, diagrams in Figs. 7(a) and 7(b).

The ideal ferroelectric Carnot cycle will have the high-
est thermal efficiency of any possible cycle for a given
temperature difference �T = T+ − T−:

ηth,Carnot = Wnet

Qin
= 1 − T−

T+ , (19)

where the net work Wnet is equal to the area enclosed by
the process curves. As with the ideal Carnot vapor cycle,
the efficiency of the ideal ferroelectric Carnot cycle will be
reduced by any irreversible processes. However, in the fer-
roelectric Carnot cycle case, a device that operates with
near-perfect reversibility is conceivable by using highly
reversible phase transformations. Furthermore, there is a
systematic materials-development procedure for maximiz-
ing reversibility in first-order phase transformations in
shape-memory alloys [30–34,36] and strong ferromagnetic
phase transformations [35], which has recently shown to be
effective in oxides [37,38]. It is an open question whether
this procedure can be used to engineer ferroelectrics for
high reversibility.

Because of the small temperature difference, the ideal
Carnot efficiency for the red cycle shown in Figs. 7(a) and
7(b) is 0.7%. Of course, for applications where there is an
overabundance of waste heat, the efficiency of a device
may be of much less concern than the energy density.
The energy density of an ideal ferroelectric Carnot cycle
is limited by the size of the mixed-phase region. For exam-
ple, the red cycle in Figs. 7(a) and 7(b) would produce an
energy density of 0.065 J/cm3. Another way of achiev-
ing an ideal Carnot cycle that maximizes both efficiency
and energy density is shown in blue in Figs. 7(a) and 7(b).
This version of the ferroelectric Carnot cycle is analogous
to a supercritical Carnot vapor cycle and so we call it
a “supercritical ferroelectric Carnot cycle.” By extending
the cycle above the mixed-phase region, this supercritical
Carnot cycle produces an energy density of 0.49 J/cm3 and
a thermal efficiency of 7%. These are very reasonable val-
ues considering that the operative temperature difference
is only 30◦C. If T+ is increased so that �T = 70 ◦C, then
the energy density increases to 1.15 J/cm3 with a thermal
efficiency of 15%. For comparison, the highest values for
energy density and efficiency ever reported for a pyroelec-
tric waste heat to electricity converter using a �T of 70◦C
are 1.06 J/cm3 and 3.6% [5].

In addition to designing a ferroelectric with near-perfect
reversibility, the main challenge of the ferroelectric Carnot
cycle will be to maintain constant polarization during
adiabatic charging and discharging (steps 4–1 and 2–3).
However, the ferroelectric–ordinary-capacitor construc-
tion shown in Fig. 2 and our understanding of the relation-
ship between equilibrium states (Eq. 18) can be employed
here. Our proposed procedure for achieving a supercritical
ferroelectric Carnot cycle is as follows.

0: Charge the circuit to V1 at T−.
1–2: Open the switch and increase the temperature to T+.

(Ef will increase from Ef ,1 to Ef ,2.)
2–3: Close the switch and decrease the voltage from V2 =

Ef ,2/d to V3.
3–4: Open the switch and decrease the temperature to T−.

(Ef will decrease from Ef ,3 to Ef ,4.)
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(a)

(b)

(c)

FIG. 7. Example T − S (a) and P − E (b) process curves for an ideal ferroelectric Carnot cycle (in red) and a supercritical ferroelectric
Carnot cycle (in blue): (a) lines of constant electric field; (b) lines of constant temperature. The inputs and circuit response for the
supercritical ferroelectric Carnot cycle are shown in (c).

4–1: Close the switch and increase the voltage from V3 =
Ef ,3/d to V4 = V1.

This procedure requires an initiation step (step 0) and
the rest of the procedure can be repeated cyclically. As
shown in Fig. 5, when the switch is open and the cir-
cuit alternates between two temperatures, the ferroelectric
capacitor will alternate between two equilibrium states,
P(E+, T+), E+ and P(E−, T−), E−. The slope of the line
connecting the equilibrium states is equal to −Cod/Af as
given in Eq. (18). By using a reference capacitor with a
very low capacitance, it is possible to increase or decrease
the temperature without changing the polarization (see the
Co = 1 pF case in Table I). Note that this can also be

achieved by increasing Af and/or decreasing d. Follow-
ing Eqs. (1) and (6), the only change in entropy in a
constant-polarization process will be from the change in
temperature.

The supercritical ferroelectric Carnot cycle procedure
described above is simulated in Fig. 7(c) using the
equations from Sec. III and the values listed in Table II.
The inputs (temperature and applied voltage) and outputs
[Ef (t), Pf (t), and i(t)] are shown as a function of the
process step. This cycle would produce an energy den-
sity of 1.15 J/cm3 and a thermal efficiency of 15% (larger
than that of [5] with the same �T and requiring less than
half the electric field). As with any thermodynamic cycle,
the performance metrics will improve with temperature
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TABLE II. Values of parameters used in the supercritical
ferroelectric Carnot cycle calculations.

Parameter Description Value Unit

d Thickness of ferroelectric 350 μm
capacitor

Af Area of ferroelectric capacitor 10 × 10 mm2

Co Capacitance of ordinary capacitor 0.1 pF
T− Minimum temperature 403.5 K
T+ Maximum temperature 473.5 K
V1 Applied voltage at point 1 −15.7 V
V3 Applied voltage at point 3 −53.0 V

difference, but the temperature difference will be limited
in practice. In Fig. 6(a), the lines are lines of constant elec-
tric field, where higher-temperature (supercritical) transi-
tions require higher and higher electric fields. Thus, the
high-temperature processes will likely be limited by the
breakdown voltage of the film.

VI. CONCLUSION

In this paper, the direct conversion of heat to electric-
ity is demonstrated using first-order phase transformations
in lead-free ferroelectrics. This simple demonstration illus-
trates how the growing abundance of energy stored on
earth at small temperature difference can be converted to
useful electrical power. The major contributions of this
paper are summarized below.

(1) The thermodynamics of solid-state energy conver-
sion using first-order phase transformations in BaTiO3
are examined using a free-energy approach. Using this
approach, we derive the well-known Clausius-Clapeyron
relation between the transformation temperature and the
electric field and discuss the importance of the Clausius-
Clapeyron relation in splitting the transformation tempera-
ture and opening up the mixed-phase region.

(2) A simple two-capacitor circuit consisting of an
active BaTiO3 capacitor, an ordinary capacitor, and a load
represented by a resistor is introduced to demonstrate the
direct conversion of heat to electricity. The circuit response
is characterized using the free-energy model of the active
BaTiO3. The relationship between equilibrium states is
found to be dependent on the capacitance of the ordi-
nary capacitor and the geometric aspect ratio of the active
ferroelectric capacitor.

(3) The energy-conversion demonstration device is
tested experimentally. By fluctuating the temperature on
the active BaTiO3 capacitor by ±5◦C about 119 ◦C, the
paraelectric-to-ferroelectric phase transformation inside
the active BaTiO3 capacitor causes a current flow across
the resistor, dissipating power. The predicted circuit
response is validated by experimental measurements of the
polarization, the electric field, and the current flow.

(4) A supercritical ferroelectric Carnot cycle that would
maximize thermodynamic efficiency and work output for a
given temperature difference is introduced. The practical
implementation of this cycle consists of using the two-
capacitor circuit to adiabatically charge and discharge in
addition to reversible underlying phase transformations.
Using a temperature difference of 70 ◦C, this cycle would
produce an energy density of 1.15 J/cm3 and a thermal
efficiency of 15% (larger than that of the most successful
pyroelectric energy-conversion demonstration [5] with the
same �T and requiring less than half the electric field).
Due to the importance of reversibility, the supercritical
ferroelectric Carnot cycle would greatly benefit from a
highly reversible paraelectric-to-ferroelectric phase trans-
formation that has been demonstrated in shape-memory
alloys [30–34,36], ferromagnetic materials [35], and, more
recently, in oxides [37,38].
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APPENDIX RELATION BETWEEN THE
GENERAL EXPRESSION FOR THE ENERGY OF

THE TWO-CAPACITOR SYSTEM AND THE
SIMPLIFIED MODEL

In this Appendix, we give the derivation of the P − E
relation and a Clausius–Clapeyron-type equation from a
general model that includes the energies of both the fer-
roelectric and ordinary capacitors in a closed system. This
analysis justifies the simple model used in this paper.

1. Total free energy of the two-capacitor system

We consider the closed system consisting of the ferro-
electric and ordinary capacitors. The total energy of the
ferroelectric plus ordinary capacitors in J is as follows:

Af df ϕ(P, T) + 1
2 Co V2, (A1)
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where V is the voltage across the ordinary capacitor, Af
is the area of the ferroelectric capacitor, and df is the dis-
tance between the plates of the ferroelectric capacitor. V is
in volts and Co is in farads. The given information is the
value of the total charge Qtot = Qo + Qf = CoV − Af P,
where P is the polarization of the ferroelectric capacitor.
Qtot is distributed between the ordinary and ferroelectric
capacitors according to free-energy minimization, i.e., the
minimization of Eq. (A1). Thus, P is a good independent
variable and the general minimization problem is, given
Qtot, as follows:

min
P

[

Af df ϕ(P, T) + 1
2

Co

(
Qtot + Af P

Co

)2
]

= min
P

[
Af df ϕ(P, T) + 1

2 Co

(
Qtot + Af P

)2
]

. (A2)

Expanding the last term, we can drop the constant Q2
tot/2Co

term, since we are doing energy minimization. Then,
simplifying, we have the following:

min
P

[
Af df ϕ(P, T) + 1

2 Co

(
2Af QtotP + A2

f P2
)]

. (A3)

2. First variation

In the expression given in Eq. (A3), we have the
independent variable P and otherwise only various fixed
constants, such as T = const. and Af , df , . . .. So, at a
minimizer the first derivative is zero: this gives

Af df
∂ϕ(P, T)

∂P
+ 1

Co

(
Af Qtot + A2

f P
)

= 0. (A4)

Substituting Qtot = CoV − Af P, we have

Af df
∂ϕ(P, T)

∂P
+ 1

Co

[
Af (CoV − Af P) + A2

f P
]

= 0,

(A5)

that is,

∂ϕ(P, T)

∂P
= − V

df
= E. (A6)

So, the first variation gives the same condition as mini-
mizing ϕ − EP over P. Note that for the general problem,
we should not think of E as a given constant and look
for a solution P of Eq. (A6). That is because P and E are
coupled by the condition Qtot = CoV − Af P = −df CoE −
Af P. Thus, we expect that, in the case of multiple solutions
of Eq. (A6), they will be of the form, say, (P1, E1), (P2, E2),
etc., as is verified below.

3. Coexistence and a Clausius–Clapeyron-type
equation

At high temperature, ϕ(P, T) is convex in P, and also
the term 1/2 Co

(
2Af QtotP + A2

f P2
)

is strictly convex in
P. Therefore, at high temperature the total energy is strictly
convex and has a single minimizer corresponding to the
paraelectric phase. As we lower the temperature, ϕ devel-
ops energy wells and we expect multiple solutions P1, P2
of the minimization problem Eq. (A3).

In the simplified problem, minP(ϕ − EP) with E given,
a well-known graphical interpretation of multiple solutions
is that we fix T and push a line with slope E up against the
graph of ϕ(P, T). The common touching points are then
solutions of the minimization problem. This is the case
treated in this paper.

The general problem given in Eq. (A3) also has a geo-
metric interpretation. Given Qtot, suppose that we have
multiple minimizers P1, P2, . . . of the energy given in Eq.
(A3). Then, for all P,

Af df ϕ(P, T) + 1
2 Co

(
2Af QtotP + A2

f P2
)

≥ Af df ϕ(P1, T) + 1
2 Co

(
2Af QtotP1 + A2

f P2
1

)

= Af df ϕ(P2, T) + 1
2 Co

(
2Af QtotP2 + A2

f P2
2

)

= etc. (A7)

That is, rearranging,

ϕ(P, T) ≥ ϕ(P1, T) + 1
2 Codf

× [
2Qtot(P1 − P) + Af (P2

1 − P2)
]

= ϕ(P2, T) + 1
2 Codf

× [
2Qtot(P2 − P) + Af (P2

2 − P2)
]

= etc. (A8)

The right-hand sides of Eqs. (A8) describe exactly the
same parabola due to the equality on the right-hand sides of
Eqs. (A7). Thus, multiple solutions of the general problem
correspond geometrically to pushing a parabola [given by
either right-hand side of Eq. (A8)] up against the graph of
ϕ(P, T) and looking for touching points (see Fig. 9). Note
that from Eq. (A8), the parabola is concave down.

In seeking a precise relation between the general prob-
lem and the simplified problem, we need to quantify how
close the parabola is to a line and what dimensionless
parameter governs the closeness. This is quantified by the
following argument. Fix T. On the graph of ϕ(P, T) in
Fig. 9, suppose that we start at [P1, ϕ(P1, T)] and move
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TABLE III. Experimental vs theoretical values for the left-
hand side of Eq. (A12).

Reference capacitance, Co Experimental Theoretical

1 pF 1.7 1.7
1 μF 2.7 × 10−4 3.4 × 10−4

10 μF 2.7 × 10−5 3.3 × 10−5

on a straight line in the direction of the tangent through
this point, as in the simplified problem. The parabola is
nearly linear on the scale of Fig. 9 if, as we move along
this tangent toward P2, we arrive close to [P2, ϕ(P2, T)],
that is,

ϕ(P1, T) + (P2 − P1)
∂ϕ(P1, T)

∂P
≈ ϕ(P2, T). (A9)

We eliminate ϕ(P1, T) − ϕ(P2, T) from Eq. (A9) using
the equality on the right-hand side of Eq. (A7). Also,
we use the first variation ∂ϕ(P1, T)/∂P = E1 to eliminate
∂ϕ(P1, T)/∂P from Eq. (A9). Finally, we substitute Qtot =
−df CoE1 − Af P1 in Eq. (A9). Then, Eq. (A9) becomes the
following:

1
2Codf

[
(−2df CoE1 − Af P1)(P2 − P1) + Af (P2

2 − P2
1)

]

+ (P2 − P1)E1 ≈ 0, (A10)

that is,

Af

2Codf

[
P2(P2 − P1)

] ≈ 0. (A11)

Here, the left-hand side is in units of energy density, J/m3

[cf. Eq. (A9)]. To make it dimensionless in a way that
is meaningful for energy conversion using the method
developed in this paper, we choose P2 = Pf as a typical
polarization of the ferroelectric phase, P1 = 0 correspond-
ing to the paraelectric phase, and we divide by the typical

FIG. 8. The classic construction for the simplified problem.

FIG. 9. The construction for the general problem.

maximum difference in energy density occurring during
a cycle, �E . We arrive at the following dimensionless
criterion:

Af P2
f

2(�E)df Co

 1. (A12)

For the capacitors, geometry, and material data used in this
paper, experimentally measured and theoretical values for
this dimensionless number are shown in Table III.

The trend shows that the parabola shown in Fig. 9 is
very close to the line given by the classical construction
(Fig. 8). The simplified model is therefore justified under
the conditions of the demonstration reported in the text.
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