
Theoretical investigation on polar dielectric with large electrocaloric effect as
cooling devices

Liwu Liu,1 Yanju Liu,1,a) Bo Li,2 and Jinsong Leng3,a)

1Department of Astronautical Science and Mechanics, Harbin Institute of Technology (HIT), P.O. Box 301,
No. 92 West Dazhi Street, Harbin 150001, People’s Republic of China
2School of Mechanical Engineering, Xi’an Jiaotong University, No. 29 Xianning West Road, Xi’an 710049,
People’s Republic of China
3Centre for Composite Materials, Science Park of Harbin Institute of Technology (HIT), P.O. Box 3011,
No. 2 YiKuang Street, Harbin 150080, People’s Republic of China

(Received 23 March 2011; accepted 1 October 2011; published online 4 November 2011)

Polar dielectric based cooling devices are modeled as a system with two degrees of freedom and

represented by either an entropy-temperature or electric displacement-electric field plane. A typical

thermodynamic energy cyclic path is proposed for polar dielectric as cooling devices to experience.

With the influence of temperature taken into consideration, the free energy of a thermal electrical

coupling system of polar dielectrics is formulated, and the variation of temperature and entropy,

the absorption of heat, and the work under different electric fields are calculated for BaTiO3,

Pb(ZrxTi1-x)O3, P(VDF-TrFE), and water. And the simulation results obtained agree well with the

recently published experimental data [B. Neese, et al., Science 321, 821 (2008)]. It is, therefore,

suggested that the high polar liquid dielectrics may possess a large electrocaloric effect. VC 2011
American Institute of Physics. [doi:10.1063/1.3655327]

Due to the change in dipolar states, a change in entropy

or a change in temperature will be induced under isothermal

or adiabatic condition, respectively, when an electric field is

applied to a polar dielectric, and this is known as electro-

caloric effect (ECE).1–9 In practical applications, the former

can be used to design and manufacture cooling devices.1–9

The electrocaloric effect of solid polar dielectric is

extensively investigated in recent years.2,8 It is found that the

change in adiabatic temperature and the change in isothermal

entropy of initially explored electrocaloric materials, such as

ferroelectric ceramic BaTiO3, KTaO3, and SrTiO3 are mod-

erate, which restricts their applications in practical cooling

devices.2,8

However, recent experimental results indicate that the

antiferroelectric ceramic PbZrTi (PZT) thin film and ferro-

electric polymer thin film have a large electrocaloric effect

when the temperature range is above ferroelectric (polariza-

tion-ordered)–paraelectric (polarization-disordered) (F–P)

phase transition.1–3,5–7,9,15,16

For example, Mischensko et al. demonstrated a large

electrocaloric effect in antiferroelectric ceramic

PbZr0.95Ti0.05O3 above F-P phase transition at a ferroelectric

Curie temperature of 222 �C, and observed a change in adia-

batic temperature of more than 12 �C and a change in iso-

thermal entropy of over 8 J/(KgK).3

Zhang et al. observed a change in isothermal entropy of

more than 55J/(KgK) and a change in adiabatic temperature

of over 12 �C. They also showed that the relaxor ferroelectric

polymer of P(VDF-TrFE-chlorofluoroethylene) has a large

electrocaloric effect.1 They also showed that the relaxor fer-

roelectric polymer of P(VDF-TrFE-chlorofluoroethylene)

has a large electrocaloric effect.1

By taking into consideration, the effect of temperature

on a polar dielectric thermodynamics system, the thermal

contribution, and the free energy function of a thermal-

electric coupling system are proposed in this paper to

describe the relations of electric displacement-electric field,

entropy-temperature. The changes in entropy, temperature,

and absorption of heat, are calculated together with the work

when the polar dielectric is subjected to different electric

fields and temperatures.

Figure 1 sketches the working principle of polar dielec-

tric as cooling devices. Electric displacement and electric field

are used in Figure 1(a) and entropy and temperature are used

in Figure 1(b) to describe a thermodynamic cycle. The work-

ing material experiences four thermodynamic paths which

compose an analog to the Carnot cycle of a steam engine.

FIG. 1. (Color online) Working cycle of polar dielectric as cooling devices.
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(1) Applied electric field on polar dielectric E1 increases in

the adiabatic temperature rising process 1!2. Due to

the electrocaloric effect, the temperature of material

rises, and the material changes from state 1 (E1, Tc, Sh)

to state 2 (E1 ", Th, Sh). DT represents the change in ad-

iabatic temperature from Tc to Th, and DT ¼ Th � Tc,

which is an isentropic process.

(2) The applied electric field on polar dielectric increases

to E2 in the isothermal heat release process 2!3. Mate-

rial changes from state 2 (E1 ", Th, Sh) to state 3 (E2,

Th, Sc) as entropy decreases, and heat is ejected into

environment. DS denotes the change in isothermal en-

tropy from Sh to Sc, i.e., DS ¼ Sh � Sc.

(3) The applied electric field on polar dielectric decreases

from E2 in adiabatic temperature decreasing process

3!4. Material changes from state 3 (E2, Th, Sc) to state

4 (E2 #, Tc, Sc) as temperature decreases.

(4) The applied electric field on polar dielectric decreases

to E1 in isothermal heat absorbing process 4!1. Mate-

rial changes from state 4 (E2 #, Tc, Sc) to state 1 (E1,

Tc, Sh) as entropy increases, and heat is absorbed by

dielectric material.

Upon the completion of a cycle, working material

returns to its original state and the another cycle is initiated.

The heat that polar dielectric absorbs from environment in

isothermal decalescence process 4!1, is Dq ¼ TcDS, which

indicates its capability to absorb heat energy. The heat

ejected into environment in isothermal releasing process

2!3, is given as Dq= ¼ ThDS. According to the first law of

thermodynamics, the work that environment does on the

working material is Dq= � Dq, thus, DW ¼ DTDS, which is

known as refrigerant capacity (RC) value.6

Polar dielectric and battery constitute a thermodynamic

system, which is characterized by two generalized coordi-

nates: electric displacement D and temperature T and two

control parameters: electric field E and entropy S. When gen-

eralized coordinates are varied by small amounts, dD and

dT, the variation in free-energy can be expressed as

dW ¼ EdD� SdT: (1)

Two independent variables (D, T) characterize the state of

polar dielectric as cooling devices. The Helmholtz free

energy of polar dielectric cooling devices is a function of

two independent variables WðD; TÞ. Associated with small

variations dD and dT, the free energy varies by

dW ¼ ½@WðD; TÞ=@D�dDþ ½@WðD; TÞ=@T�dT: (2)

Therefore, electric field E and entropy S in the thermody-

namics system of polar dielectric are partial derivative coef-

ficients of WðD; TÞ,
E ¼ @WðD; TÞ=@D; (3)

S ¼ �½@WðD; TÞ=@T�: (4)

The thermal contribution can be expressed as

UðTÞ ¼ QðTÞ � TS, where QðTÞ is the internal energy.10–13

As the temperature rises, internal energy QðTÞ ¼ c0ðT � T0Þ.
According to the relation of specific heat for constant volume

and entropy, c0 ¼ T @S
@T, we obtain S ¼ c0ln T

T0
, where c0 is the

specific heat of polar dielectric, T0 and T are the tempera-

tures in reference and current states, respectively. Therefore,

the thermal contribution of a thermodynamic system related

to temperature is UðTÞ ¼ c0½ðT � T0Þ � Tln T
T0
�, which

reflects the effect of temperature on the free energy of a polar

dielectric thermo-electric coupling system.

The free energy function of a polar dielectric thermo-

electric coupling system is expanded near D � 0.14 Due to

symmetry, the even powers of D is preserved. When

T > TC, the free energy function of polar dielectric can be

expressed as

WðT;DÞ ¼ c0 ðT � T0Þ � TlnðT=T0Þ½ � þ 1=2½bðT � TCÞD2�;
(5)

where b is a phenomenological parameter.

The electric field and entropy of polar dielectric can be

obtained by inserting Eq. (5) into Eqs. (3) and (4), respectively,

E ¼ bðT � TCÞD; (6)

S¼c0lnðT=T0Þ�1=2ðbD2Þ: (7)

Considering the relation of specific heat,

c0ðTh � TcÞ ¼ TcjSðhÞh � SðcÞc j; (8)

where S
ðcÞ
c is the entropy at Tc and under low voltage, and S

ðhÞ
h

is the entropy at Th and under high voltage. The relationship

between the electric field and temperature of polar dielectric

can be established����c0lnðTh=TcÞ þ 1=2
n
bf½eðTcÞ�2E2

1 � ½eðThÞ�2E2
2g
o����Tc

¼ c0ðTh � TcÞ: (9)

TABLE I Material parameters of electrocaloric materials.

Material

Specifc heats

103 (J/kgK)

Densities

103 (kg/m3)

Phenomenological

parameter b
107 (mF-1K-1)

Phase transition

temperature

TC (K) Permittivity (F/m)

P(VDF-TrFE) 55/45

copolymer

1.8 (Refs. 1 and 2) 1 (Refs. 1 and 2) 2.4 (Refs. 1 and 2) 341 (Refs. 1 and 2) 70-0.77�(T-72) T[[70,93)

58-0.6�(T-90) T[[93,120]

(Refs. 1 and 2)

P(VDF-TrFE) 65/35 1.4 (Refs. 1 and 2) 1.886 (Refs. 1 and 2) 3.5 (Refs. 1 and 2) 375 (Refs. 1 and 2)
1

bðT � TCÞ
BaTiO3 0.407 (Refs. 1 and 2) 6.02 (Refs. 1 and 2) 0.067 (Refs. 1 and 2) 380 (Refs. 1 and 2)

Pb(ZrxTi1-x)O3 0.35 (Refs. 1 and 2) 7.5 (Refs. 1 and 2) 0.0188 (Refs. 1 and 2) 523 (Refs. 1 and 2)

Water 4.2 1
1

ð87:08� 0:32TÞðT � TCÞ
273 (87.08-0.32T) (Ref. 17)
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Due to the electrocaloric effect of working material, the tem-

perature reaches Th from Tc when the electric field applied

on polar dielectric rises to E2 from E1 under adiabatic condi-

tion. According to Eq. (9), Th can be induced, once E1, E2,

and Tc are given, and change in temperature DT can be

obtained. Entropy change DS can be obtained using Eq. (8).

And according to the definition before, absorption of heat Dq
and work DW can be further obtained as well.

Table I material parameters used for numerical calcula-

tions. Applied electric field DE(E1 ¼ 0 here) for material are

as shown in Figure 2, and the relevant data are taken form

Refs. 1, 2 and 17.

Figure 2 illustrates DT, DS, Dq, and DW of several typi-

cal polar dielectric as cooling devices in the paraelectric

phase when an electric field is applied on the working material.

With the same electric field DE applied, DT, DS, Dq, and DW
of working material get higher as the temperature gets closer to

Curie temperature. DT, DS, Dq, and DW decline as temperature

increases because the electric field induced in the polar phase is

lower. It can be seen through comparison between a particular

polar dielectric material including BaTiO3, Pb(ZrxTi1-x)

O3, P(VDF-TrFE) with water, that DT of ferroelectric polymer

P(VDF-TrFE) and antiferroelectric ceramic Pb(ZrxTi1-x)

O3, DS of ferroelectric polymers P(VDF-TrFE) and liquid polar

dielectric water, Dq of [P(VDF-TrFE)]) and water, and DW of

P(VDF-TrFE) are higher. Furthermore, high polar liquid dielec-

trics may process a large ECE because within a specified tem-

perature range, the molecule dipole disordering-ordering

processes can be induced by an electric field and associated

with this process is a large change in entropy.

Figure 3 illustrates the theoretical simulation results

agree well with the published experimental results.1

In summary, polar dielectric is modeled as a system with

two degrees of freedom and represented by either an entropy-

temperature or electric displacement-electric field plane, to

describe the thermodynamic cycle of polar dielectric as cool-

ing devices. With the effect of thermal contribution taken into

consideration, the free energy model of a thermal-electric cou-

pling system is developed for study of the electrocaloric effect

of polar dielectric, and the calculation of changes temperature

and entropy, absorption of heat and work under different

electric field and temperature. From what has been demon-

strated on P(VDF-TrFE) 55/45 mol. % is applicable to other

polar dielectric. Results show that high polar liquid dielectrics

may possess a large electrocaloric effect.
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FIG. 3. (Color online) Comparison between theoretical and experimental

results of changes in temperature and entropy of [P(VDF-TrFE)] 55/45 mol.

% copolymer.

FIG. 2. (Color online) Changes in temperature and entropy, absorption of

heat, and work of polar dielectric as cooling devices in paraelectric state.
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