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Abstract: Electrocaloric is a novel emerging not-in-kind cooling technology based on solid-state
materials exhibiting the electrocaloric effect, i.e., the property of changing their temperature because
of an adiabatic change in the intensity of the electric field applied. This technology has only attracted
the interests of the scientific community in the last two decades, even though it has the main
feature of being based on eco-friendly materials that, because of their solid-state nature, do not
provide a direct contribution in global warming. Even if some steps have already been taken,
the research fields connected to electrocaloric cooling are still open: The identification of the most
appropriated thermodynamic cycle, electrocaloric refrigerants, as well as the development of efficient
cooling systems. To this purpose, this review paper provides a snapshot of the electrocaloric world
and compares the progress made by the inherent scientific community in all the connected fields:
the thermodynamic cycles, materials, experimental devices, numerical models, energy performances
and prospective cooling applications.

Keywords: electrocaloric; effect; thermodynamic; cycles; AER; materials; experimental; device;
prototype; numerical model

1. Introduction

The road to cooling and air-conditioning in a way other than vapor compression, among the
various innovative eco-friendly possibilities, certainly passes through the solid-state technologies based
on the so-called caloric effects [1,2]. The caloric class belongs to the not-in kind technologies [3] with
the main characteristic of being eco-friendly because of the employment of caloric effect materials that,
due to their solid-state nature, do not present any global warming potential (GWP) [4], i.e., they do
not provide a direct contribution to global warming, unlike the refrigerant fluids on which vapor
compression is based [5-8] as well as transcritical alternatives to HFCs [9].

A caloric effect is the response by a solid-state material that is sensitive to a variation of an
external field applied to it. The nature of the material’s reaction could be magnetic, electrical,
or mechanical, depending on the characteristics of the material and the nature of the field, and can
manifest itself as a variation in temperature or entropy, giving rise to the magnetocaloric, electro-caloric,
or mechanocaloric effect [10-14]. The electrocaloric effect (ECE), as well as the other caloric phenomena,
occurs consequently to a re-arrangement of the inner structure of the electrocaloric materials; specifically,
if the transformation is adiabatic, a decrease in the material’s entropy ensues, thus giving an increase
in the temperature of the material itself [11]. The electrocaloric effect, observed for the first time by
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Kobeko and Kurtschatov in 1930 in Rochelle salt [15] and quantitatively measured by Hautzenlaub in
1943 [16], is a reversible phenomenon, hence, the opposite behaviour (a decrease in the temperature of
the material) befalls following the remotion of the electric field, adiabatically. The cyclic application
and remotion of the electric field, interspersed with heat transfer to or from the electrocaloric material,
gives life to thermodynamic cycles at the base of electrocaloric cooling (or heat pumping).

Electrocaloric refrigeration is a relatively young technique among the caloric ones, since the
scientific community has been significantly attracted toward it only in the last decade, especially with
reference to applications at room temperature [11] because of its potentialities and the environmentally
friendly nature of its refrigerants [17]. Truthfully, the turning point was the discovery [18] of the giant
electrocaloric effect in the PZT (Pb[Zr( 95Tip 05]O3), that resulted in an adiabatic temperature change
much larger than the ECE exhibited by the other materials studied until then. This breakthrough
opened the opportunity for the exploitation of electrocaloric effect materials for cooling applications in
the room temperature range. The consequence deriving from this recent interest is a large number of
studies on electrocaloric materials [19-22] (employable as solid-state refrigerants), with respect to a
more limited quantity of numerical or experimental researches [23-25] focused on the development
of systems for electrocaloric refrigeration. In short, there are still many efforts to be made to take
this technology towards reaching relevant breakthrough points. The purpose of this review paper
is to provide a snapshot of the situation and to compare the progresses made by the electrocaloric
community in terms of thermodynamic cycles, materials, experimental devices, numerical studies,
energy performances, and perspective cooling applications.

In the following sections, the paper is organized as follows:

e  Section 2 is devoted to the thermodynamics of the electrocaloric effect and to the possible
thermodynamic cycles that an electrocaloric device for cooling or heat pumping could be based on.

e In Section 3, a wide overview of the materials showing an electrocaloric effect is provided.
The electrocaloric materials are discussed and reviewed based on multiple possibilities
of classification.

e  Section 4 aims to underline the importance of numerical modelling to opportunely tune the
working conditions to operate with optimized device, in terms of energy performances.

e  Section 5 provides a review of the experimental prototypes of electrocaloric coolers built up to now.

e InSection 6, the main conclusions are drawn and an analysis of the future perspectives for the
electrocaloric research is done.

2. Thermodynamics and Cycles

This section aims to introduce the theory and the fundamental relations [11] connected to the
electrocaloric effect and to provide a general scenario of the possible thermodynamic cycles employable
in an electrocaloric system for cooling or heat pumping.

2.1. Thermodynamics of the Electrocaloric Effect

The electric field (E) is a field of forces generated in space by the presence of one or more
electric charges and the relation that connects it to its conjugated fields (electric displacement D and
polarization P) is:

D = &E+P, (1)

Under the hypothesis of linear and homogeneous material, Equation (1) becomes:

D = ¢oE + €oxE = &,(1 + x)E = €p&,E = ¢E, ()
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Considering a reversible thermodynamic process, with no pressure or volume work in the

electrocaloric material, the internal energy of an electrocaloric material could be written as:
u = Tds + EdP, (©)]

and, as reported in Equation (4), the specific entropy of a dielectric material at a constant electric
field and temperature, is formed by three contributions: One due to lattice vibrations (s;), one due to
electrons agitation (s,;), and one due to the interaction with an electric field (s,).

s = 5(T) +5a(T) +s.(T, E), 4)
Consequently:
ds ds
ds (T,E) = (ﬁ)E dT + (ﬁ)T dE, ®)
By relating the internal energy and Equation (5) the following relations can be obtained:
ds JE
(), = ). 0
ds JP
(), =), ”
du JE
(5, = =715, ©
du P JP
(5, - 5), +=3e),- ¥
Thus: 5
s
Js JP
cr = T(—) = T(—) , (11)
JE) JT ).

Indeed, the application of the external electric field to an electrocaloric material generates the
ordering of the electric dipoles of the material according to the field direction. If the isothermal
conditions are kept during the field application, s; and s,; do not change whereas s, decreases; thus,
anegative change in the total entropy (—Asr) occurs. If the transformation is adiabatic, the total entropy
of the material does not change while s, decreases; consequently, s; and s,; must increase generating
a positive temperature change (AT,;) in the electrocaloric material. Dually, an isothermal remotion
of the electric field implies a positive change in total entropy (Ast); whereas a negative variation of
the temperature of the material (—AT,;) is observed if the intensity of the field varies adiabatically.
Ast and AT,; constitutes the quantities that measure the entity of the electrocaloric effect in a material.

Based on the above relations, the isothermal change of the total entropy, due to electrocaloric

effect, is given by:
Er(op
Ast = f (—) dE, (12)
E; IT g

The adiabatic change of temperature, due to electrocaloric effect, could be written as:

Er T (aP
AT, = —fEi E(a_T)EdE’ (13)
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2.2. Thermodynamic Cycles

A certain number of thermodynamic cycles could be applied to electrocaloric refrigeration.
These cycles are already known for having been used with respect to other cooling technologies
(vapor compression or magnetic refrigeration) [26]. Before presenting them singularly, to facilitate
the reader, the generalities of the working principles of an electrocaloric system for cooling or heat
pumping are introduced briefly.

The scheme of principle of an electrocaloric system operating in cooling mode sees the electrocaloric
material (refrigerant) vehiculating the heat from the cold to the hot environment through the cyclical
repetition of four (or more) processes [27]. Indeed, after the reiteration of each cycle, the load will result
in being cooled. An electrocaloric cooler exploits the manifesting of the electrocaloric effect to achieve
this goal. Specifically, in an electrocaloric-based thermodynamic cycle, the processes of isothermal
and adiabatic polarization (where, respectively, ECE manifests itself as an entropy and a temperature
variation) can be opportunely combined giving rise to the specific cycle on which the electrocaloric
system founds itself.

The components that typically form an electrocaloric system are a system for generating/removing
the electric field, the solid-state electrocaloric material realizable in different shape configurations,
two heat exchangers connected with the cold and the hot environments, and a heat transfer mechanism
(that could involve an auxiliary fluid or another solid-state material) to opportunely vehiculate the
heat flux for subtracting heat from the cooling load.

2.2.1. Carnot Cycle

The electrocaloric Carnot cycle consists of two adiabatic and two isothermal processes, applied to
an electrocaloric refrigerant, as shown in Figure 1. In process 1 — 2, the intensity of the electric field is
adiabatically increased; indeed, the material is partially polarized (process 1-2) and it adiabatically
increases its temperature from T; to T, because of the electrocaloric effect. In 2 — 3, an isothermal
polarization occurs: While the temperature of the material is constant, its total entropy is reduced up
to s3 (due to ECE) and the heat is released to the hot environment. The adiabatic depolarization (3 — 4)
decreases the temperature of the electrocaloric material up to T4, thus, in the consequential isothermal
depolarization (4 — 1), it absorbs heat from the cold environment, recuperating the energy lost during
the previous process. The area drawn by the points 1, 2, 3, and 4 represents the work w required by the
system to transfer heat from the cold to hot environment; whereas the area 4,1,a,b accounts for the
cooling heat removed from the cold environment. The coefficient of performance (COP) of the Carnot
cycle that quantifies the desired effect () on the work made (w) and that represents the concept of
perfect refrigeration as well as the upper limit achievable by a refrigeration system, is:

Ge  Areagiap Ty
Ccop = — = = , 14
Carnot w A1’6011234 Ty — Tl ( )
T A
E_} E4 EZ E|
3 2

b s

Figure 1. The four processes of the Carnot cycle for electrocaloric cooling.
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The disadvantage related to the employment of the Carnot cycle is the need for the operation
with four different intensities of electric field. Moreover, another limit is that the temperature interval
between the hot and could source is limited by the adiabatic temperature change of the electrocaloric
material achievable during the isentropic polarization and depolarization; indeed, this could limit its
applicability when larger temperature differences are required.

2.2.2. Brayton Cycle

The Brayton cycle consists of two adiabatic and two isofield processes as shown in Figure 2a.
The first process (1 — 2) is the adiabatic polarization (the electric field increases from E; to Ej) that
leads to an increment (AT, 12) in the temperature of the solid-state refrigerant. With the field kept
constant at Ep, in the isofield process (2 — 3), the heat is transferred from the refrigerant to the hot
environment. During the adiabatic depolarization (3 — 4) the intensity of the electric field falls from
E; to Eq, thus in the electrocaloric material, a negative change of its temperature (AT,; 34), due to ECE,
occurs. The isofield (E1) process (4 — 1) allows the heat subtraction from the cold environment.

oy

@ (b)

Figure 2. The four processes of the Brayton cycle for electrocaloric cooling: (a) Without and
(b) with regeneration.

Even if the Brayton cycle could not achieve the Carnot COP, the Brayton cycle can exhibit optimal
performances as well as the electrocaloric refrigerants has parallel T-S curves and it presents the
additional advantage to require only two levels of electric field intensity. The heat transfer in the
Brayton cycle arises in a different way from the Carnot cycle one, since in the former, the heat transfer
occurs while the electric field intensity remains constant; conditions that favor the heat exchange.
Anyhow, to further enhance the performances of the Brayton cycle, the concept of regeneration could
be introduced, as Figure 2b exhibits. The adiabatic polarization (1 — 2) provokes the temperature
rising to Ty, due to ECE. Then, the electrocaloric material releases heat to the hot environment, thus
the temperature falls to T5,; subsequently, an additional cooling at the constant electric field occurs
thanks to the presence of the regenerator up to T3. The adiabatic depolarization lowers the temperature
further to T4 (due to ECE). Then, Q. is the heat subtracted from the cold environment and absorbed
by the electrocaloric materials that consequently rises its temperature up to Ty,. A dual operation of
regeneration transfers further heat to the electrocaloric materials causing it to reach T; and closing
the cycle. Indeed, the main difference of the cycle described in Figure 2b with respect to the cycle
without regeneration (Figure 2a) is that, in the cycle with regeneration, after the adiabatic polarization
process, thanks to the presence of the regenerator, there is an additional cooling (2 — 2a), as well as an
additional heating provided in process (4 — 4a). Indeed, the regenerator recovers the heat fluxes.

2.2.3. Ericsson Cycle

Next to the Brayton cycle, the Ericsson is a thermodynamic cycle with regeneration, too.
The difference is the presence of two isothermal processes instead of the two adiabatic ones. Indeed,
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the Ericsson cycle consists of two isothermal and two isofield processes and it requires the heat
regeneration. With reference to Figure 3, where the processes of the Ericsson cycle are shown,
during the isoelectric step (1 — 2), thanks to regeneration, the heat is absorbed by the electrocaloric
material; during the isothermal polarization (2 — 3) it is released to the hot source. Another regeneration
process happens during 3 — 4, to prepare the electrocaloric material to absorb the heat from the cold
source while an isothermal depolarization occurs (4 — 1).

Thy

E4 Ei

S

Figure 3. The four processes of the Ericsson cycle for electrocaloric cooling.

In an ideal transformation, the amount of heat transferred into the regenerator in the regeneration
process (1 — 2) must correspond to the one rejected out by the regenerator during the other regeneration
process (3 — 4) but, through the Ericsson cycle, it never happens. The reason lies in the fact that the
specific heat capacity at constant electric field, as demonstrated by He et al. [28], is a function of both
the temperature and the electric field. Indeed:

ce(E1, T) # ce(E2, T), (15)

Undeniably, the amount of heat absorbed and released will never be equal quantities. Indeed,
the cycle is characterized by irreversible processes and, therefore, by a decrease in the efficiency of
the Ericsson machine [27,28]. Consequently, the Ericsson cycle cannot achieve the condition of ideal
regeneration and its COP is always smaller than that of the reversible Carnot refrigeration cycle, on an
equal temperature range.

2.2.4. Stirling Cycle

The Stirling cycle is a regenerative cycle very similar to the Ericsson one, but with the difference of
being characterized by two isothermal and two iso-polarization processes (instead of the two Ericsson’s
isofield processes) as shown in Figure 4. He et al. showed mathematically [28] that the specific heat
at constant polarization just depends on the temperature. This allows the Stirling cycle to be able
to achieve the conditions of perfect regeneration through the utilization of a reversible regenerator.
Consequently, the upper limit of its coefficient of performance coincides with the one of a reversible
Carnot refrigeration cycle, operating in the same temperature range. In conclusion, the Stirling cycle
becomes more competitive as is its regeneration process is closer to ideality.
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ny

Figure 4. The four processes of the Stirling cycle for electrocaloric cooling.
2.3. The Concept of Active Regeneration and the Active Electrocaloric Regenerative Refrigeration (AER) Cycle

As shown in the previous sections, the choice of the regenerator is very influent with respect to the
performances of an electrocaloric system for cooling. There are three types of regenerators: External,
internal, and active. The external regenerator exchanges heat with the refrigerant by means of an
auxiliary heat transfer fluid that flows both within the electrocaloric material and in the regenerator
that it is externally placed. With the solution of internal regenerator, the electrocaloric refrigerant
is placed into the regenerator together with the regenerator material and heat is transferred directly
between themselves. If the regenerator is active, the electrocaloric material itself plays the double role of
refrigerant and regenerator and the auxiliary fluid only flows to exchange heat with the heat exchangers
connected to the hot and cold environments. The latter choice leads two advantages: Both the
irreversibility losses, due to the auxiliary fluid, and the losses related to the regenerating fluid mixing at
different temperatures, are reduced. With reference to the electrocaloric cooling, the active electrocaloric
regenerator, where the electrocaloric material is both refrigerant and regenerator, was developed.
An auxiliary fluid is used to move the heat from the cold to the hot end of the regenerator.

Based on the concept of active regeneration, the active electrocaloric regenerative refrigeration
(AER) cycle is introduced here.

The AER is a regenerative Brayton-based cycle, and it is characterized by four processes shown
in Figure 5. The step (I) is the adiabatic polarization that occurs in the absence of the passage of the
secondary fluid: An electric field is applied to the electro-caloric solid that heats up because of the
electrocaloric effect. The second phase (II) is called cold-to-hot heat transfer: As the name suggests, a
secondary fluid flows from the cold to the hot environment, while the electric field is constant at the
maximum value. The fluid cools the EC material, because the temperature of the former when it enters
the electrocaloric regenerator is equal to that of the cold environment, which is lower than the material
one. Thus, while crossing the regenerator, the secondary fluid heats up whereas the regenerator is
cooled down; the former reaches a temperature higher than the hot environment one, so it releases
heat once it approaches the hot heat exchanger. The third phase (IIl) is called adiabatic depolarization:
While the auxiliary fluid is not moving, the intensity of the electric field is reduced adiabatically
up to the minimum value and a lowering of the temperature of the electrocaloric material, due to
electrocaloric effect, is registered. In the hot-to-cold heat transfer (IV), the auxiliary fluid cools down
because it crosses the regenerator from the hot to the cold environment, thus heating the electrocaloric
material. The cold fluid then goes into the cold heat exchanger, where it absorbs the heat, and it realizes
the useful effect of the cycle.
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Figure 5. The four processes of the active electrocaloric regenerative refrigeration cycle.

The above-described processes refer to an electrocaloric material not showing thermal hysteresis.
As a matter of fact, this undesired phenomenon modifies the regenerative Brayton cycle on which the
AER found its operation; as a consequence, the steps (I) and (III) are not characterized by constant
entropy anymore (since there are non-zero aliquots of generated entropy). Indeed, the AER cycle with
hysteresis is modified as shown in Figure 6, where thermal and electrical hysteresis occur [29].

TA D

-
w

N

E, E; .—F:

(a) St ON

Figure 6. Active electrocaloric regenerative (AER) thermodynamical cycle, property of a hysteretic
material, on (a) T-s; (b) D-E diagram [29].

During the evolution of the four steps of the cycle, the temperature in the electrocaloric material
is not constant, but a different temperature profile is triggered instant by instant. Substantially,
every section of the regenerator experiments its own AER cycle, according to the local working
temperature. The main advantage in using this system is that, through an AER, one can appreciate
a larger temperature span between the sides of the regenerator than in a Brayton cycle without
regeneration. On the other side, the main disadvantage is the limitation in operating with high
frequencies of the AER cycle due to the upper limits in time required for fluid flowing and
heat exchanging.

Lastly, with reference to all the above-introduced cycles, in a real application, the performances
could be significantly affected by the irreversibilities of both the material (thermal and electrical
hysteresis) and the process (i.e., Joule heating, leakage currents etc.). The former could make it difficult
to get isentropic processes of polarization and depolarization whereas the latter could degrade the
energy performances in terms of COP.

2.4. Thermal Diodes-Based Electrocaloric Cooler

An electrocaloric application for cooling that allows operation with higher frequencies is based on
thermal-diodes (or thermal switches), where the vehiculation of the heat fluxes is ensured by solid-state
materials, with variable thermal conductivity, independent of the variation of the electric field. Indeed,
the auxiliary fluid is not utilized anymore, but the combination of slices of electrocaloric materials
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interspersed with materials whose thermal conductivity is controlled by the intensity and the direction
of the electric field. In this way;, it is possible to switch the direction of the heat flow in sync with
the temperature variation of the electrocaloric material. In Figure 7a, the transformations on the T-S
diagram of the electrocaloric cycle based on thermal diodes are reported, with reference to the scheme
of principle of the system formed by one slices of electrocaloric material sandwiched between two
thermal switches (single-stage system) visible in Figure 7b. In the first process (1 — 2), the electrocaloric
material is adiabatically polarized while the thermal conductivity of the two thermal diodes would
be 0 W m~! K™! in an ideal concept of thermal switch but, realistically, one can state that the thermal
conductivity falls significantly. There is an increase in temperature due to the electrocaloric effect.
In (2 — 3), there is the passage of the heat flow towards the hot environment since the thermal diode A
is conducting. The third process (3 — 4) is the adiabatic depolarization: While the thermal diodes
act as insulators (ks = kg = 0), a reduction in the temperature of the electrocaloric material due to
the electrocaloric effect is registered. In the fourth phase (4 — 1), the heat flux flows from the cold
environment toward the electrocaloric material since: The diode A is a thermal insulator, the diode
B is a thermal conductor, and the temperature of the electrocaloric element is lower than that of the
cold environment.

3
T
2
-9
Thermal diode A
Ez _— Electrocaloric
material
°r ® Thermal Thermal
1 diode A diode B
E1 . Thermal diode B
49

@ s
Figure 7. (a) The electrocaloric thermal diode cycle on T-S diagram; (b) scheme of principles of the
electrocaloric thermal-diode system for cooling.

The one described above is a single-stage system; therefore, the achievable temperature spans are
limited by the peak of adiabatic temperature change of the electrocaloric material. To overcome this
limit, it is possible to design a multi-stage electrocaloric thermal diode system where multiple blocks
of thermal-diode/electrocaloric-material/thermal-diode are cascaded. As visible in Figure 8, with this
solution, the temperature difference is increased.

T 2/E2
3
2/’ /El
3 1
2 - .4
3 14
f|4
4
S

Figure 8. An example of cascaded multi-stage thermal diode cycle on T-S diagram.
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Furthermore, for thermal diodes-based thermodynamic cycles, it is useful to discuss the concept
of heat recovery: Plaznik et al. [30] highlighted the work done by an electrocaloric system based on
the Brayton cycle. They suggested that a special electric circuit should be employed to recover part
of it. Anyhow, the irreversibilities lying in the material and the system (thermal hysteresis as well
as Joule heating) can degrade the rate of the successfully recovered work. Defay et al. [31] showed
that it is possible to artificially recover the electrical work expended: It could be done by charging
the electrocaloric capacitor (formed by the thermal diode sandwiched between two ECE elements)
to cause heating, when needed. Dually, the inverse operation of capacitor discharge provokes a
cooling of the ECE material. In their work, they demonstrated that it is possible to recover up to
70-80% of the electrical work done to drive the electrocaloric effect through the utilization of inductors.
The final benefit is a significant increase of the coefficient of performance of the electrocaloric system.
Further applications of heat recovering in electrocaloric devices can be found in [32-35].

Anyhow, the systems based on thermal switches work efficiently when the frequency of the
thermodynamic cycle per unit of time is very high. The performances of the caloric materials working as
refrigerants in high-frequency applications, in turn, depend on the nature of the material, the amplitude
of their electrocaloric effect, and their phase transition. Previous inherent scientific studies [36,37]
evidenced that the materials with second-order phase transitions perform much better than those of
first order. All these concepts on the electrocaloric materials will be introduced in the following section.

3. Materials

Asmentioned in previous sections, in addition to the choice of the most appropriate thermodynamic
cycle, the performance of a refrigeration device is closely linked to the refrigerant used. Indeed,
with reference to the application to electrocaloric systems for cooling ad heat pumping, the conditions
to find the most suitable electrocaloric materials are [38—40]:

e  The detection of a pronounced electrocaloric effect at room temperature, under relatively small
intensities of the electric field;

e  To be toxic-free and chemically stable;

e To present low economic costs;

e  The resistance to corrosion (by the heat transfer fluid or by the contact with other materials);

e  The easiness to be reproduced (in terms of the number of composing elements, the compatibility
with large-scale production);

e Toshow slight thermal hysteresis;

e  To present little values of specific heat to enhance the adiabatic temperature changes as well as a
rapid response, in terms of electrocaloric effect, to the electric field variations;

e  The possibility of being polarized by high electric fields (indeed electrical robustness to avoid the
breakdown phenomenon);

e  Small electrical conductivity to prevent the instauration of leakage currents that provoke the
undesired heating (due to Joule heating), which could conflict with the cooling phases of the cycle
and high thermal conductivity to efficiently manage heat fluxes as fast as possible [41].

Many are the possibilities to classify the electrocaloric materials. The purpose of the following
sections is to provide to the reader all the elements to classify and categorize them, in order to assist
them in the selection of an electrocaloric material to be used as a refrigerant.

3.1. Order of Phase Transition

All the materials showing the electrocaloric effect could be categorized based on their phase change
between the ferroelectric to the paraelectric state: First- and Second-Order Transition, i.e., FOT and
SOT. In both cases, the electrocaloric material changes its state from ferroelectric to paraelectric in
correspondence with a specific temperature called the Curie point. The Curie is also the temperature
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where the electrocaloric effect is the most pronounced in terms of both isothermal entropy change and
adiabatic variation of temperature [11,38].

The transition is defined as first order if a discontinuity in the first-order derivative of the Gibbs free
energy (Gfe) function is observed, i.e., the polarization function with respect to the temperature shows
a discontinuity, since it is the first-order derivative of Gfe with the electric field strength. This kind
of transition is not instantaneous because of the co-existence of two phases in equilibrium and the
consequent presence of latent heat. Indeed, applying an electric field to a FOT material can result
in both the state transition from paraelectric or antiferroelectric to a ferroelectric, and the structural
variation or a significant phase volume discontinuity but without showing a clear crystallographic
modification. The latter two phenomena produce a displacement of the atoms that occurs in a
non-infinitesimal time. The consequence is the non-immediate electrocaloric effect response to the
stimulus of the intensity variation of the electric field. Furthermore, the presence of latent heat, during
this phase transition, implies a heat dissipation during the polarization process that influences the final
temperature that the electrocaloric material will reach at the end of the process. This results in the
presence of thermal hysteresis in FOT materials. On the other side, in the FOT material, the co-existence
of two phases in equilibrium could carry to the detection of a Giant electrocaloric effect that is the
product of two phenomena: The conventional electric-field entropy-driven process (electric entropy
variation As,) and the difference in the entropies of the two crystallographic modifications (structural
entropy variation Asg). Indeed, the first-order transition materials present very large (giant) peaks of
adiabatic temperature changes (around the Curie point), but the presence of ECE is concentrated in a
narrow temperature range.

The second-order phase transition in an electrocaloric material occurs if the Gfe first-order
derivative is a continuous function while the discontinuity appears in the second-order derivative;
indeed, the electric susceptibility that is the derivative of the electric polarization is discontinuous.
The continuity in the polarization and the absence of latent heat in the phase transition ensure that SOT
materials do not present hysteresis, thus, the adiabatic temperature change is close to instantaneousness
as well as SOTs do no manifest volume changes. On the contrary, the electrocaloric effect shown by
second-order materials has smaller peaks than FOT (on equal intensity change of the electric field) but
it spreads over a broad temperature range. [18,38,42].

3.2. Structural Composition and Shape Classification

Based on their structural composition, and according to other specific reviews on electrocaloric
materials already published in the scientific literature [11,19], the electrocaloric materials belong to
three macro-groups:

e  Monocrystals;
e  Ceramics;
° Polymers.

The above three groups could be further divided, based on their shape and thickness, in:

e  Bulk samples;
e  Thick films;
e  Thin films.

Other similar classifications are proposed in the literature, like the division among inorganic and
organic electrocaloric materials by Shi et al. [24], or the categorizing of ferroelectric and antiferroelectric
materials introduced by Lu et al. [20] or dividing them in relaxer ferroelectric-based materials,
multilayer capacitors, and polymers [43].

In the present section, we decided to follow the classification based on structural composition [11,19]
where, within each category, a further differentiation among the shape and the thickness will be done.
Indeed, we do not intend to review all the materials already present in [11,19] from the beginning but we
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intend to take these two reviews [11,19] as a starting point for our section on the electrocaloric materials
and, to complete them, we will only add the recently developed materials and therefore not included
in [11,19]. Moreover, we focus prevalently on room temperature range rather than cryogenics.

3.2.1. Monocrystals

Monocrystals, also called single crystals, are the structural composition of the electrocaloric
materials that could be employed only as bulk samples because of the relatively small mechanical
robustness with respect to the solicitation with big electric field changes. Due to the crystallographic
structure, the main limitation is the easiness of fracture due to the electric field stress. Therefore,
to the bulk materials, only smaller electric field changes can be applied, if compared with thin
films. Consequently, the resulting variations in terms of entropy and temperature changes due to the
electrocaloric effect are moderate.

In Table 1, to the best of our knowledge, all the monocrystals introduced in the literature showing
the electrocaloric effect are listed. Most of them were previously classified in other review papers;
for them, we report the reference to the review in which they already appeared. As already mentioned
above, the electrocaloric single crystals show very slight electrocaloric effect answers in terms of
adiabatic temperature changes and isothermal entropy variation. Asreviewed by Valant [19], up to 2014,
the highest AT, (2.7 K) was exhibited by 0.72Pb(Mg13Nby/3)O03-0.28PbTiO3 under AE = 1.2 MV mt,
but this value is quite far from the possibility of considering such electrocaloric single-crystals
employable for cooling applications, considering also that its Curie temperature is quite far from the
room temperature range. As a matter of fact, most of the electrocaloric single crystals reported in
Table 1 show the peak of the electrocaloric effect at temperature to be not suitable for applications at
room temperature with the exception of a small number of them whose electro-caloric effects in terms
of AT,; do not exceed, however, 1 K. Anyhow, worthy of special mention is MDABCO](NH4)I5 that is
a single crystal belonging to the family of the ferroelectric metal-free perovskites, studied by Wang et
al. [44], that exhibits an extraordinary giant electrocaloric effect (16 K) at relatively moderated electric
field intensity (2 MV m™!), if compared with the other materials listed in Table 1. Anyhow, the main
limitation is that the electrocaloric answer to this perovskite is limited to a small temperature range
around the peak (450 K).

In conclusion, the group of electrocaloric monocrystals is characterized by small peaks of adiabatic
temperature change (apart from the metal-free perovskites [MDABCO](NHy)I5 characterized by a
giant electrocaloric effect) and isothermal entropy variation also due to the limited electric field that
could be applied to bulk materials.

Table 1. Monocrystals materials and their electrocaloric properties.

Material Shape  Tyeax [KI AT, 'V IK]l  Asp![Jkg1K-1] AET[MV m-1] Reference
BaTiO; Bulk 413 1.6 / 1 [24]
KCL:OH Bulk 0.15 0.15 / 2.6 [11]
KH, POy Bulk / 1 0.99 1.1 [11]
KTaO; Bulk 13 0.25 / 1.56 [11]
KTa0'57Nb0‘4303 Bulk 326 0.76 / 0.15 [45]
KTaom Nb()‘3903 Bulk 296 0.57 / 0.15 [45]
[MDABCO](NH,)I; Bulk 448 16 36 2 [44]
NaKC4H;064H,O Bulk 295 0.004 / 0.12 [11]
(NH,CH,COOH),HNO;  Bulk 206 0.054 / 0.4 [11]
(NH,CH,COOH),H,S04  Bulk 323 0.11 / 0.16 [11]
NH4HSO4 Bulk / 0.025 / 0.15 [11]
Pb5G€30]1 Bulk 453 1.25 / 5.3 [46]
PbsGe3O11 + 0.2%Cr Bulk 431 1.50 / 6 [46]
(Pb,La)(Zr,5n,Ti)O3 Bulk 398 -36 / 12 [24]
Pb(Mg]/ssz/g)0(75Tio‘2503 Bulk 383 1.1 / 2.5 [24]
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Table 1. Cont.

Material Shape  Tpea [K1 AT,z '[Kl  Asp'[Jkg 1K1l AE'[MVm-1] Reference
PMN Bulk 274 0.11 / 1 [11]
0.72PMN-0.28PT Bulk 403 2.7 / 1.2 [19]
0.75PMN-0.25PT Bulk 373 0.78 / 1 [19]
0.76PMN-0.24PT Bulk 400 0.80 0.66 0.2 [47]
0.8PMN-0.2PT Bulk 414 0.74 / 1.5 [11]
0.90PMN-0.1PT Bulk 328 1 / 4 [19]
0.92PZN-0.08PT Bulk 453 0.25 / 1.2 [11]
Rbo33(NHy)o.67 Bulk 270 04 / 0.34 [1]
Rochelle salt Bulk 295 0.0036 0.0156 0.14 [11]
Sr0‘75Ba0'25Nb206 Bulk 353 0.4 / 1 [24]

1 Sometimes many values of peaks of AT,; and Ast (depending on the different AE) are reported in literature. For
the sake of brevity, only one peak will be reported here, the highest, referring the reader to deepen through the
inherent literature reference.

3.2.2. Ceramics

The ceramics with electrocaloric properties are inorganic materials that could be organized in
bulk, thick, and thin films. Higher electric fields could be applied to a thick (thickness 10 um as order
of magnitude) or thin (thickness minor than 1 pm) film rather than the bulk version (thickness greater
than 100 um), even if the material has the same composition. Another advantage is that the ceramics
have high thermal conductivity and small electrical conductivity: It fully satisfies the criteria that an
electrocaloric material must show to be considered a good solid-state refrigerant.

Table 2 reports as comprehensive a list as possible of ceramic materials together with the
electrocaloric effect shown, while they are arranged as bulk or thick/thin films. As a general
comment, there are much more ceramic materials showing a promising electrocaloric effect rather
than the single-crystal ones. The class of PLZT thin films exhibit enhanced adiabatic temperature
changes and various temperature ranges of applicability. Specifically, worthy of mention is the
Pby_aypLlaxZrgg5Tip 1503 (PLZT 11/85/15) [57] that seems suitable for cooling and heat pumping
applications: It exhibits 12 K as AT, due to an electrocaloric effect under AE = 90 MV m~!. Through the
increase or the decrease of the La content in 8-14% range, giant ECEs in terms of peaks of AT,; could
be detected: 28 K and 20 K (AE = 90 MV m™) for the upgraded and downgraded versions, respectively.
The thin film of ceramic ferroelectric Pbg gBag,ZrO3 [54] ensures 45.3 K at 290 K as response to the
electric field change of 0.6 MV m~L. Further, in the class of the antiferroelectric ceramics, the thick-film
Pbg g7Lag 02(Zrg 7550018 Tig,07)O3 [56] emerges due to the extraordinary ECE shown around 278 K, with
resulting AT,; = 54 K for AE =90 MV m™~!.

Table 2. Ceramic materials and their electrocaloric properties.

Material Shape Ty [KI] AT, VK] Ast1Jkg1K1] AEY[MV m-1] Reference
Ba04678r0_33TiO3 Bulk 298 0.45 / 1.33 [11]
Ba0A67Sr0‘33TiO3 Film 303 10.1 16.3 60 [49]

BaTiO3 Film 353 7.1 10.1 3679 [50]
Ba(Zro,Tios)Os Bulk 312 45 78 8.6 [51]
(Bip5Nag5)TiO3 Bulk 357 2.51 33 6.5 [52]

BNBT-BCZT Film 370 23 26.1 62 [53]
BNT-0.3BT Bulk 423 =21 / 5 [11]

BST Film / 15 / 50 [11]

BT Bulk 380 2.8 / 3 [11]

BT Film 333 7.1 10.1 80 [11]
(Cd0.83Pb0.17)2szO7 Film 94 0.8 / 10 [19]
CdTiO3 Bulk 60 0.02 / 1.1 [11]

NBT Bulk 413 -0.34 -0.43 5 [11]
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Table 2. Cont.

Material Shape  Tpeax [KI  AT,;1[Kl  Asp!Jkg1K1] AE1[MV m-1]  Reference
NBT-0.08BT Bulk 370 0.19 0.26 4 [11]
PbO.SBaoAzzI‘O3 Film 290 45 / 0.6 ["—)4]
Pby.g1Lag.09(Zro.65Ti035)0.977505  Film 353 18 15 82 [55]
Pboo7Lag.02(Zro.755n0.18 Tio07)O3  Film 278 54 / 90 [56]
PbZr0495Ti0v05O3 Bulk 499 12 8 48 [18]
PLZT 8/65/35 Bulk 385 22 / 8.8 [1]
PLZT 8/65/35 Film 318 40 50 120 [11]
PLZT 11/85/15 Film 111 12 10 90 [57]
PLZT down-graded Film / 20 23 90 [57]
PLZT up-graded Film / 28 33 90 [57]
PMN Bulk 451 26 / 9 [11]
PMN-0.07 PT Film 298 13 14 723 [58]
PMN-0.08 PT Bulk 296 14 / 1.5 [11]
PMN-0.1 PT Bulk 301 1.25 / 1.5 [19]
PMN-0.1 PT Film 348 7.75 8.07 89.5 [59]
PMN-0.13 PT Bulk 343 0.558 / 24 [19]
PMN-0.15 PT Bulk 291 1.71 / 1.6 [19]
PMN-0.25 PT Bulk 307 0.4 / 1.5 [19]
PMN-0.3 PT Bulk 429 2.7 2.3 9 [60]
PMN-0.35 PT Film 413 31 / 74.7 [11]
PMN-0.85 PT Bulk 291 1.7 / 1.6 [11]
PNZST Bulk 443 2.6 / 3 [11]
PSN Bulk 370 0.9 / 2 [11]
PST Bulk / 23 / 3 [1]
PST Film 341 —6.2 —-6.3 77.4 [11]
PST-0.2 PSN Bulk 273 1.25 / 2.5 [11]
PST doped with Co,Sb Bulk 291 2.3 / n.s? [11]
PST doped with Co,Sb Film 343 0.5 / 30 [19]
PZ-0.29BT Bulk 298 0.15 / 2 1]
PZST Bulk 311 0.6 / 3 [1]
PZ Film 508 114 / 40 1]
PZN-0.08 PT Bulk 453 0.23 / 1.2 [19]
PZT Bulk / 2.7 1.8 n.s? [11]
PZT-PT Film / 41 / 40 [11]
SrBi; Tap Og Film 561 493 / 60 [11]
ST Bulk 4 1.0 0.007 0.54 [11]

! Sometimes, many values of peaks of AT,s and Asr (depending on the different AE) are reported in the literature.
For the sake of brevity, only one peak will be reported here, the most significant, referring the reader to deepen their
knowledge through the inherent literature reference. 2 not specified.

3.2.3. Polymers

At the best of our knowledge, the polymers showing an electrocaloric effect are all based on
the PolyVinyliDene-Fluoride P(VDF) copolymers that, without the presence of an electric field,
are crystallized in a non-polar form, to which is associated the lowest energy configuration. During
the polymerization process, some defects could be voluntarily added in form of the following
monomers: ChloroTriFluoroEthylene (CTFE), TriFluoroEthylene (TrFE), Vinylidene DiFluoride (VDEF),
and Chlorofluoroethylene (CFE). Different electrocaloric answers could be observed, depending on
the type and the quantity of the defects introduced, and the polymers are all arranged in thick
or thin films. Table 3 schedules the main polymers showing electrocaloric properties. Worthy of
mention is the class of P(VDE-TrFE-CFE)/BSTs polymer nanocomposites, obtained from the terpolymer
P(VDF-TrFE-CFE) 62.3/29.9/7.8 doped with different alloys of the ferroelectric ceramics (BaxSr;_xTiO3).
The result is a reduction of both the ferroelectric domain and the energy bandgap occurring for
ferroelectric/paraelectric phase transition. This phenomenon carries a larger electrocaloric effect at
moderate electric field changes.
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Table 3. Ferroelectric polymers and their electrocaloric properties.

Material Shape  Tpeax [K1 AT, '[KI  Asp'[Jkg 1K1 AE'[MVm-1] Reference
P(VDE-TYFE 55/45) Film 340 12 70 120 [11,19]
P(VDE-TrFE 68/32) Film 489 23 / 49 [11,19]

P(VDE-TrFE 68/32) 2 Film 306 20 95 160 [11,19]
P(VDE-TrFE 70/30) Film 390 212 / 300 [11,19]
P(VDE-TrFE-CFE) .

(56.2/36.3/7.6) Film 350 21.6 / 350 [11,19]
P(VDF-TrFE-CFE) .
(56.2/36.3/7.6) ® Film 318 9 47 300 [11,19]
P(VDF-TrFE-CFE) .
(59.2/85.67.3) Film 328 12 55 307 [11,19]
P(VDF-TrFE-CFE)
(59.4/33.4/7.2)) PMN-PT  Film 308 25 80 75 [61]
(different % filling)
P(VDF-TrFE-CFE) .
0.9-P(VDE-TfFE-CTFE)0.1  [iIm 317 6 25 116 [11,19]
P(VDF-TrFE-CFE)/BST125  Film ns 14 130 75 [62]
P(VDF-TrFE-CFE) .

(62.3/29.9/7.8) /BST67 Film 31 9.2 80 75 [63]
P(VDE-TrFE-CFE) .

(62.3/29.9/7.8) /BST71 Film 322 94 & 75 [63]
P(VDF-TrFE-CFE) .

(62.3/29.9/7.8) /BST74 Film 331 9.7 78.5 75 [63]
P(VDF-TrFE-CFE) .

(62.3/29.9/7.8) [BST77 Film 337 9.9 78 75 [63]

! Sometimes many values of peaks of AT,; and Ast (depending on the different AE) are reported in literature. For
the sake of brevity, only one peak will be reported here, the most significant, referring the reader to deepen through
the inherent literature reference. 2 Irradiated. > Annealed.  Not specified.

In conclusion, there are many possibilities of the electrocaloric materials to be employed as
solid-state refrigerants, but no single one would completely satisfy all the criteria specified at the
beginning of this section. The research of a fair compromise between pros and cons in the choice of an
electrocaloric refrigerant is suggested with reference to the specific application.

4. Numerical Models

As underlined in the previous section, a basic requirement is to find the most appropriate
electrocaloric refrigerant with the purpose of operating with energy-efficient electrocaloric systems.
This condition is necessary but not sufficient, since, next to it, the working conditions must also be set
opportunely. Indeed, it is necessary to design an electrocaloric device (AER or thermal-diodes-based)
that is ensured to work with operating conditions such as to guarantee the highest energy performance.
A quality optimization process can only be guaranteed by extensive operations of numerical modeling.

Even though electro-caloric refrigeration has been in the spotlight for 15 years now, the number of
developed models and numerical studies presented in the literature is still small. Table 4 reports all the
numerical models of electrocaloric systems for cooling, developed and introduced in the literature:
Up to now, there are only five AER-based models, four thermal-diode systems, and a recent model of
an electrocaloric multilayer capacitor.
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Table 4. Numerical models of electrocaloric devices introduced in the literature up to now.

Research Group and Location Year AER/TD 1/Other Dimension EC Refrigerant HTF/TD 2 Material Reference
Carnegie Mellon University 2014 AER 3D P(VDF-TrFE-CFE) HTF HT-70 [35]
Pittsburgh (USA) P(VDF-TrFE) 3
2020 TD 1D P(VDF-TrFE-CFE) n.s [64]
Carnegie Mellon University
Pittsburgh (USA) and .
Pennsylvania State University, 2016 D 3D BZT TD BiyTes [65]
University Park (USA)
Institute of Refrigeration and
Cryogenics - Shanghai Jiao Tong 2020 AER quasi-3D P(VDF-TrFE-CFE) HTF HT-70 [66]
University
. . BaTiO3 TD Aluminium-based
Kobe University Kobe (Japan) 2018 D 1D Multilayer PMN-PT heat storage material [67]
Ljubljana University Ljubljana 2014 AER 1D PST HTF water [68]
(Slovenia) 2019 AER 2D PMN-0.1PT HTF silicone oil [69]
Luxembourg Institute of Science
and Technology ]3'elvagx 2020 Multl-lg yer 3D Multilayer PMN TD Palladium [70]
(Luxembourg) + University of capacitor
Cambridge Cambridge (UK)
University of Salerno + University 2016 ceramics and [38]
of Naples Federico (Italy) 2018 AER 2D polymers HTF water [39]

1 Active Electrocaloric Regenerator/Thermal Diodes system. 2 Heat Transfer Fluid/Thermal diode. 3 not specified.

16 of 33
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Regardless of whether the model is one-, two-, or three-dimensional, the mathematical model that
regulates an electrocaloric system based on the AER cycle is defined by the following equations:

dp -
a_tf +V(pgoy) = 0, (16)
v, -
f — N — \T
oTs + 0 VT| = kV2T (18)
pres\ 5 T VT =k VT
T :
pscs_at = ksvas +Q (19)

The above is the most general and complete form of proposing the AER equations to describe,
at the same time, both phases of adiabatic variation of the electric field and both regenerative steps
of fluid flowing. The term Q a power density that accounts for the electrocaloric effect, is positive
during the polarization, negative during depolarization, and zero during the regenerative fluid flow
processes. Dually, while the electric field changes adiabatically, the auxiliary fluid is not moving, v¢is
null, and the AER is regulated only by the energy Equations (18) and (19).

Among the AER numerical models proposed in the literature, there are different ways to build
the Q term; indeed, the modalities of considering the electrocaloric effect shown by the solid-state
refrigerant are different. They will be illustrated following the introduction of the various models.

To the best of our knowledge, the first model of an active electrocaloric refrigerator was presented
in 2014 by Guo et al. [35] belonging to the research group of the Carnegie Mellon University, Pittsburgh
(USA). They modelled a 3D microscale regenerator (7 mm X 1.25 mm X 125 um) composed of five
parallel plates of P(VDF-TrFE-CFE) terpolymer [11,19], as electrocaloric solid-state refrigerant, each one
with a thickness of 10 um. The auxiliary fluid, flowing in the channels, formed between the plates is
HT-70 whose fundamental properties is to be an electric insulator, so that the electrical insulation of the
plates is not required. The model is solved through finite-element method (FEM) but, mathematically,
it obeys the Equations (16)—(19) and the Q term, modelling the electrocaloric effect of P(VDF-TrFE-CFE),

was built as follows: 5 5
. S E
o=l 0

where the relationship between the entropy and the electric field for the P(VDF-TrFE-CFE) terpolymer
has been obtained by experimental data [71] and formalized as:

S = C1E? + C,E (21)

with
Cp =-271x10"" JmPkg 'KV 2 (22)
Cy = —6.85x107% Jmkg 'K~1v! (23)

The numerical model was employed to explore the energy performances of the above-introduced
active electrocaloric regenerative refrigerator, under the following working conditions:

e  The frequency of the electrocaloric cycle that varies from 0 to 30 Hz;
e The electric field that was varies between 0-150 MV m™;

e  The hot source temperature was set at 300.15 K;

e  The temperature span was varied from 0 to 30 K.

The cooling power density and the coefficient of performance were evaluated, and an extract of
their results is reported in Figure 9a—d [35]. In Figure 9a,b, the cooling power density and COP vs.
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frequency trends, estimated with AE = 100 MV m™! in correspondence of a temperature span of 5 K,
show that the cooling power density saturates around 30 Hz and that the maximum COP is 8.5 at
15 Hz. Furthermore, in Figure 9¢,d, one can observe that the AER working with 15 K as temperature
span is able to produce 3 W cm~ as cooling power density, whereas the corresponding COP of the
Carnot one is 31%.

g 1 D T T T 016
=] | | 1 1 ‘ 1 1
Y e ki e r % 8f-—-- *-—- - - -  ——
3E i1 * I D R S, L
§ES T N S T Ll  — I BRI S 8
B = | 1 | 1 ! Q i i 1 i i 3
- [ 1 i o | | © 1 H H 0.08 &~
gz 1 p : ! . ! L) R R ] i E— 8
4 ? 1 ! i i I
D05 foeee e T S P S— L e e R o 1 004
E ° ‘ i i | i |
E o, | 0 I | ] ] I
0 5 10 15 20 25 30 0 5 10 15 20 25 20
(a) f(Hz) (b) f(Hz)
5 T T T T T
! : 0.5 T ‘ T ‘ T
. O I ... R =50 V/um
5 4 - T [ e TTTT O A100VAm o T 0.4 [---——- et S Bk [ 4100 V/pm
5 . I A ® 150 V/um o | ! ! ® 150 V/um
e — N S— L. B T S S SR Vim |
% 8 i | i | | S i i | i |
L) — [ [ [ o [ [P | L r - L
bl I s S S S S [l R s s B
8 1f-----  — e o P e 0.1 f---m- e  aaan S ——— -]
| "I 1 A | | L4 | | | I | [ ]
0 ™ ! ! ! 0 | 1 | Il
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(C) Temperature Span (K) (d) Temperature Span (K)

Figure 9. An extract of the results on cooling power density and coefficient of performance introduced
by Guo et al. (reprinted with permission from [35], Elsevier, 2014).

Recently, in 2020, this group introduced [64] a thermodynamic level-device model that includes the
contact thermal resistance and dielectric loss heating, that are non-ideality factors. The electrocaloric
effect, in terms of adiabatic temperature change, was modelled through three different methods:

(a) the Curie-Weiss law:

2
T; + T, Ey E?
AT, — €ox i fin fin - - i > (24)
(T fin — TCurie,Weiss) (Ti = Tcurie,Weiss)

(b) the Landau-Devonshire theory:

B TitThin( 5 2
AT, = ——(me—Pi)

2pc 2 )

and (c) a new Gaussian fit method introduced by the authors [64]. The Curie-Weiss law gives an
explicit expression for the EC temperature change as a function of the material properties, electric field,
and temperature, but it is appliable only to materials whose behavior is paraelectric (i.e., electrocaloric
materials working upon the Curie point). The Landau-Devonshire theory covers a wider temperature
range, but the agreement with the experimental data, detected by the authors, is not satisfactory.
The authors found the Gaussian fit method as the most affordable in predicting results close to the
experimental data that they used for comparison [64]. The electrocaloric materials under testing
are the P(VDE-TrFE) 55/45 mol % copolymer [11,19] and the P(VDF-TrFE-CFE) 59.2/33.6/7.2 mol %
terpolymer [10,18]. They studied the influence of the operating frequency (0.2 Hz; 0.5 Hz, and 0.8 Hz)
on the COP and they found that [64]:

e  The wider temperature range over which the COP remains large was noticed for P(VDF-TrFE-CFE);

e 0.2 Hz is the frequency ensuring the larger COPs;

e  Due to heat losses, the best COP calculated is only 60% of the Carnot COP and it was detected in
the copolymer P(VDF-TrFE).
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In the same year of the presentation of the first model by the above-introduced research group
(2014), the Slovenian research group of the Ljubljana University studied the behavior of one of the,
up to then, most promising relaxer ceramics at room temperature [68], through a 1D Matlab tool of
an AER regenerator. The Equations (16) and (17), projected on one-dimension, are coupled with the
explicit forms of the energy equations of the fluid and the solid, modelled as follows:

JaT JaT 31 A
9 f obf | 20y ef fnt (.
o _‘f d o CfmfAt(Ts Ty) (26)
ITs kerr PTs  hefrAnt
Ot peo(TE)(1- ) ox2 ; (Tf‘TS) (27)
pes(T,E)( ) cs(T, E)ms
where: '
m
= (28)
Ap®py

The k.ff was calculated according to the thermal conductivities and the volume fractions () of
both the electrocaloric material and the electrodes as:

ke ff = 1PECM/\ECM + Ebelectrodes/\electrodes (29)

The electrocaloric effect on the solid temperature occurring during the variation of the electrical
field intensity (adiabatic polarization and depolarization processes) is modelled as:

Ts = Toi % AToo(Tsi, iy Egin) (30)

The model was run under the following operative conditions:

e Hot side temperature = 293 K;

e  The temperature span varied in 5-15 K;

e  The fluid flow rate changes in 0.003-0.2 kg s},

e The investigated frequencies of the AER are: 0.25, 0.5, 1, 2 and 3 Hz.

The results carried out were published and compared to the ones carried out by an active
magnetocaloric refrigerator based on the same mathematical model architecture [72] and operating
under the same above conditions. The magnetocaloric refrigerant is gadolinium and the energy
performances were evaluated in terms of specific cooling power and COP vs. AER cycle frequency.
They observed that for low intensities of electric field (39.2 MV m™!), the AER gives smaller specific
cooling powers but larger COP than the active magnetocaloric regenerator (subjected to AB =1 T).
Under greater AE (77.4 MV m™!), the electrocaloric regenerator gives both better specific cooling
powers and COPs. The maximum values shown by the AER mounting PST as solid-state refrigerant,
were COP = 28 and 1300 W kg~! as specific cooling power.

One year later, in 2015, this research group provided an updated version of the model [69]:
A two-dimensional one where, subsequently [29], the hysteresis was also accounted for. The model is
based on a parallel plate regenerator, the electrocaloric refrigerant is the bulk ceramic PMN-0.1PT [19,69]
whereas the auxiliary fluid is silicone oil chosen because of its dielectric nature (bad electrical conductor).
The regenerator is made of three stacks, each one assembled with 10 plates of bulk ceramic with a
length of 20 mm (thus achieving a total length of 60 mm).

Equations (16) and (17) were projected two-dimensionally and the energy Equations (26) and (27)
were replaced by Equations (31) and (32):

+ Qus (31)

o + or or

aTSPSCE(E/ T) —k asz BZTS T aSgen (Er T) B 3ST(E, T)
= Ks o2 (9_1/2 sPs
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aT PT, PT aT 2
f f f f 0y
w5t =5 + e (5 + o

where Qab,s and Qab, r are the power densities associated to the heat transfer from the ambient to the
solid and the fluid part of the AER (heat gains). The specific entropy generated because of the hysteresis
of the EC material and the specific entropy of the EC material at a constant temperature (s¢e;, and st)
were calculated through:

AST(T3, E, — El) = Asgm + As1_4 (33)
1 (*2  dE

A = — Py == 4

Sgen D5 fE; i g (34)

With reference to [29] (in Figure 3 of [29]), the authors plot the maximum specific cooling power
and the COP vs. frequency. Worthy of notation is the influence of the hysteresis in the energy
performances of the AER since one can observe the energy performances while the system operates
with and without accounting the hysteresis intrinsic in the electrocaloric material. Specifically, the
influence of the hysteresis on the specific cooling power become noticeable from 1.0 Hz onwards,
whereas the COP is strongly affected by this undesired effect also for lower frequencies. On equal
frequency, the medium difference between COPs with and without hysteresis is 1.

The behavior of both ferroelectric polymers and ceramics as solid-state refrigerants was tested
also, in 2016, by Aprea et al. [38] in their comparative numerical study of the energy performances
of an AER system. As a matter of fact, the Italian group (University of Salerno and University of
Naples Federico II) proposed a 2D FEM parallel-plate AER model, experimentally validated [73,74],
through which a wide evaluation of the energy performances of the most promising electrocaloric
materials, showing an ECE at room temperature, was carried out. The regenerator (longitudinal
section: 20 mm X 45 mm) was proposed in two different configurations:

(1) 27 plates of 0.5 mm thick;
(2) 54 plates of 0.25 mm thick.

Both of them are separated by channels dedicated to the flowing of unionized water to transfer heat
between the cold and the hot environments. Given that this tool is also regulated by Equations (16)-(19),
the peculiarity is the way in which the electrocaloric effect was implemented, i.e., the Qs a function of
temperature and AE, and it was modelled as:

_ pSCE (El TS)ATad(E/ TS)

Q=Q(ETs) = ~ (35)

where At is the duration of the polarization/depolarization process.

Indeed, in their investigation [38], each electrocaloric material under test has different Q functions
built utilizing experimental data on AT,; available in the scientific literature. Indeed, by the help of a
mathematical function finder software, that allows to transform a table function in a mathematical
expression, the mathematical expression for each Q has been extracted both for polarization and
depolarization processes [38].

Many electrocaloric materials were analyzed: Relaxer ceramics and ferroelectric polymers in
thick/thin films whose electrocaloric properties are reported in Figure 1 of reference [38] in terms of
AT,;. The figure shows the ferroelectric terpolymer P(VDF-TrFE-CFE) tested both as thin film and
as a matrix in which bulky chlorine atoms were added as random defects to reduce the ferroelectric
domain size and the energy barrier to phase transition (BaxSri_4TiO3 has been selected as the filler) [69].
Moreover, a number of relaxer ceramics were considered: To the relaxer PbMgy;3Nb1303 (PMN),
a certain amount of the ferroelectric perovskite PbTiOs (PT) was added. In the group of ceramics,
the family of Pb;_3/5xLaxZrg g5Tip 1503 (PLZT) antiferroelectric (AFE) thick films was also tested both in
single composition of PLZT 11/85/15 and in two compositionally graded structures: The “up-graded”
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one, by varying the La content from 8 mol % at the substrate interface to 14 mol % at the top surface;
and the “down-graded” one, obtained through the opposite mol % gradient [38].
Below, the operating conditions of their investigation are reported:

e  The frequency of the electrocaloric cycle was fixed at 1.25 Hz;
e  The fluid flow rate was varied in 0.03-0.06 kg s~';
e  The temperatures of the hot and cold source were set at 300 K and 292 K, respectively;

e  The electric field was changed adiabatically according to the literature data of each electrocaloric
material [38].

In Figure 10, the temperature span, the cooling power density, and the COP of the AER mounting 27
and 54 parallel plates are shown. The 54-slice configuration globally confers better energy performances
than the 27-plate one. The explanation is that 54 parallel plates ensure a larger heat exchange area for
the convective heat transfer between the fluid and the electrocaloric material. Moreover, Aprea et al.
observed that the best energy performances are given by the compositionally graded structures of PLZT
ceramics; specifically, through the upgraded configurations, the maximum values of temperature span
of 23 K, cooling power density of 135 W cm~2, and coefficient of performance of 11.2 are registered.
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Figure 10. The energy performances of the AER, in terms of temperature span, cooling power density,
and COP, carried out while the regenerator is formed by: 27 (a,c,e) and 54 (b,d,f) parallel plates
(reproduced from [38], Elsevier, 2016).

Subsequently, the Italian research group, based on the same numerical model, in a following
work [39], integrated this investigation with two more ECE materials: The thin films of Pby gBag 2ZrOs
and Pbg g7Lag 02(Zrg 75500 18 Tip 07)O3. They compared them with other caloric effect materials and
asserted that the class of electrocaloric PLZT materials gives higher energy performances than the
other caloric-effect materials. Specifically, Pbg 97Lag 02(Zrg 75510 18 Ti 07)O3 ensures a temperature span
higher than 40 K, with a cooling power that ranged between 1010 W and 1800 W, concluding that
an electrocaloric refrigerator working with this material can be employed for a broader scope of
commercial cooling applications [39]. Furthermore, if the Pbg g7Lag 02(Zr.755n0.18 Tip.07)O3 is employed
is an AER system operating as a heat pump, because of the largest hot—cold temperature range required
by this application, a consistent electrical power affects the coefficients of performance [40].
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The latest novelty among the models based on the AER cycle is represented by the rotary
electrocaloric refrigeration system, introduced by the Institute of Refrigeration and Cryogenics
of the Shanghai Jiao Tong University [66], whose design allows thee continuous solid/fluid heat
transfer. Specifically, the device is composed of 12 working parts of the electrocaloric material
P(VDF-TrFE-CFE) [11,19] integrated on a rotating cylinder, whereas HT-70 is the heat transfer fluid
that continuously guarantees the convective heat exchange and to which the heat recovery process
is entrusted to. The mathematical model was based on Equations (16)—(19), the Q term was built
according to Equation (20), and the device is designed as quasi-3D since the EC materials are designed
as 2D rotational solids and the heat transfer fluid flows in out-of-plane direction. A sensitive parametric
analysis was performed to improve the energy performances of the device; it was initially tested with
298 K and 308 K as the temperature of the cold and hot sides and the cyclic period is 64 s, whereas
AE =145 MV m~!. Under these conditions, the model can provide 290.6 W and 5.5, respectively,
as cooling power and COP. Subsequently, they opportunely tuned the cycle-time and they found that
with shorter cyclic periods, the cooling power increases; if the time of the AER cycle is 10 s, the system
guarantees a cooling power of 1730 W [66].

Next to the AER cycle-based models, as already introduced, the alternative is to design
solid-to-solid electrocaloric systems, founded on the concept of thermal-diodes: Solid-state materials
to which the heat transfer role is entrusted, given their property of changing the thermal conductivity
independent of the electric field applied. Indeed, since the auxiliary fluid is not required for such
applications, the mathematical model of electrocaloric thermal diode systems is described only by the
energy equations of the two solid materials, that are reported in the implicit form as:

EcMCECMITECM '
P o = V-(kecmVTecm) + Qecm(t), (36)
oMCTDMITTDM
P 5 = V-(krpmVTTDM), (37)

After their AER model, in 2016, Feng et al., i.e., the research group of the Carnegie Mellon University,
were the first in also developing a 3D model of an electrocaloric thermal diodes-based system [65].
Specifically, through a collaboration with Pennsylvania State University, they introduced and employed
the model in a robust and comprehensive study: The system is a hybrid thermoelectric/electrocaloric
heat pump with the purpose of being used for the cooling of electronics. The device is a proof of concept
made of nine blocks placed on a substrate: Each block is composed of a slice of the electrocaloric
material BZT [50], sandwiched between two Bi,Tes thermoelectric elements. The mathematical model
of their numerical tool is described by Equations (36) and (37). In Equation (37), a heat source QTD M
is added to consider the power density associated to the heat generated in the TE elements by the
Joule heating effect. On the other side, the following contributions were neglected: The heat losses
between the blocks and the environment as well as the energy losses during the electric field changes,
the contact thermal resistance between the electrocaloric and the thermoelectric blocks, and the heat
transfer due to convection and radiation. The model is solved through the finite element method
under a wide number of working conditions; an extract of the results presented by them are reported
in Figure 11. By the analysis, the authors concluded that large electric currents, to be provided to
the thermoelectric elements, are needed to obtain high cooling capacity but, with respect to the COP,
there is an optimum point over which, due to Joule Heating and the reliability of TE element, a further
current increment only carries to a reduction of it [65].
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Figure 11. (a) Coefficient of performance (COP) and cooling capacity vs. pumping current; (b) COP
and cooling capacity vs. temperature span at 6 °C as electric pumping current applied (reprinted with
permission from [65], The American Society of Mechanical Engineers, 2016).

In 2018, another electrocaloric model based on thermal switches was introduced by a research
group belonging to the Kobe University [67]. They studied the effect of the thickness of electrocaloric
materials, as well as the optimum number of plates and the time for thermal switching by varying
cold-hot temperature difference and the frequency of the system operation. The electrocaloric material
employed is a thin film of BaTiO3; [49]. The equations mathematically describing the numerical
model are the one-dimensional projections of Equations (36) and (37). Moreover, in this model, the
heat transfer between the boundaries of the materials and the environment was considered: Indeed,
an additional power density (Qp-term) was added to each equation to consider the leakage of both the
electrocaloric and the thermoelectric materials.

The simulations were performed on many consecutive layers of the TE-EC-TE sandwiches,
under 100 Hz as frequency of the TD-cycle and 20 K as cold-hot side temperature differences. In the
evaluation of the energy performances of the system, particularly interesting is the effect of the
thickness of the electrocaloric material on the average heat transfer efficiency and average specific
cooling power generated in the system. The latter parameter increases according to the thickness of
the electrocaloric material, but the average heat transfer efficiency decreases due to the ineffectiveness
in thermal conduction heat transfer in the electrocaloric material. Therefore, the average heat flux
transferred from the cold side of the system is maximum at 70 um. Furthermore, 100 pm is the
optimized thickness for the thermal diode. In the execution of their investigation, the authors observed
that the heat transfer efficiency is maximum with the system mounting two layers of the electrocaloric
material [67].

In 2020, the Luxembourg Institute of Science and Technology, in collaboration with the University
of Cambridge, proposed [70] a three-dimensional FEM model of an electrocaloric multilayer capacitor
system formed by 19 multilayer PMN capacitors (38 pm as global thickness) sequentially placed and
devoted to Pd inner electrodes.

The model based on Equations (36) and (37) and QECM(t) is forced into the active layers for a
short period of time using a Dirac-delta function whose values have been experimentally determined
during the investigation. In Figure 12, an extract of the results they collected in the study is reported.
In Figure 12a, the authors also report a comparison with experimental data (AT;) and good agreement
was found. As shown in Figure 12b, the simulations started with all the system at the uniform
temperature T and under with AE = 210 kV cm™!; after the steady state is reached, depending on the
value of the starting temperature (298 K), a certain temperature difference is detected.
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Figure 12. (a) Experimental and numerical comparison under AE = 130 kV cm™!. (b) Temperature
profile across the electrocaloric system under AE = 210 kV cm?, up to reaching steady state with a
starting temperature of 298 K [70].

Worthy of mention is the methodological approach recently developed (in 2019) by Blumenthal
and Raatz [75], it is based on a V-Model for identifying optimized geometrical and operating parameters
of an electrocaloric cooling device, since it integrates various tools like classification of device types,
influencing factors, and methods of numerical simulation. They applied the methodology to a
small-scale demonstrator that was tested for 2000 h, under AE of 210 kV mm™! it was able to provide a
temperature span of 1.1 K.

In this section, by reviewing all the models of electrocaloric devices presented to the scientific
community up to now, our intent was to show the importance of numerical modelling as a fundamental
instrument to predict the performances of the electrocaloric devices. Indeed, a consistent model
can drive the road to correctly choose the parameters for pursuing a quality optimization process.
Furthermore, it is noticeable as, step by step, the models become closer and closer to reality with
the possibility of considering real irreversibility (like Joule heating or thermal hysteresis) in the
electrocaloric refrigerant. Moreover, the numerical model is, in our opinion, the preliminary step for
the design and realization of a performant experimental device since, to ferry the electrocaloric cooling
technology towards reaching breakthrough points, it is necessary to realize optimized prototypes.
As a matter of fact, is not so important to register an immediate increase in the number of developed
prototypes, as it is essential that the new devices would be optimized.

5. Experimental Devices

In this section, a general overview of the experimental prototypes of the electrocaloric coolers will
be presented. Greco et al. [25] exhaustively reviewed all the prototypes of caloric processes realized
and introduced to the scientific community up to 2019. Indeed, an extract of the section they dedicated
to the electrocaloric devices is reported below, additionally, the latest prototypes developed after the
publication of their review will be faithfully added.

Even if the interest toward electrocaloric cooling has grown in the last two decades, literature
accounts for the first developed prototype in 1979. Specifically, Radebaugh et al. developed [76] a
proof-of-concept cryogenic heat-switches-based electrocaloric systems. In the study, the refrigeration
was proven with two different switches: A multiple-leaf contact and a magnetothermal switch of
single-crystal beryllium, whereas the electrocaloric material is the glass ceramics SrTiO3 [11]. The range
of application was 4-15 K, and the device provided 0.3 K as temperature span under AE = 0.2 MV m~'.

In 1989, Sinyavsky et al. [77] realized the first prototype based on the AER cycle where multilayers
of PST [11] were employed as refrigerant. The multilayer ceramics of PST were realized as cascading
materials whose peak temperature is decreased according to the direction of the temperature gradient.
The auxiliary fluid is a pentane liquid with dielectric behavior.

In a subsequent investigation, Sinyavsky and Brodyansky tested [78] the prototype under the
following working conditions:
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e 300K is the hot side temperature;
e 5 Hzis the AER frequencies;
e 0.6 MV m!is the electric field change applied to the material.

and they noticed [78] that it could reach 5 K as maximum temperature span.

In 2005, Lawless, belonging to CeramPhysics, Inc. company (USA), designed and patented [79]
an electrocaloric device whose applicability refers to the room temperature working range.
The electrocaloric material is a multilayer of the ceramic family x(PbMgp 33Nbg 6703) + y(PbSco 5Nbg 503)
or x(PbMgp33Nbg ¢703) + y(PbTiO3) + z(SrTiOs3). X, y, and z are the coefficients that should be
opportunely varied to enhance the applicability range up to [-10; +50] °C. In the patent, the author
hypothesizes, but does not bind, the housing of the electrocaloric material in parallel-plates separated by
channels where a heat transfer fluid flows with the purpose to direction the heat flux. from the thermal
load to the thermal sink. Anyhow, the patented device is suitable for a wide range of applications and
opened for many design solutions.

After almost a decade of silence, in 2014, a novel electrocaloric device was developed and
introduced [80] to scientific community by Plaznik et al. (the research group of University of Ljubljana):
it is a small-scale cooling system based on the AER cycle. The regenerator is composed of 30
parallel-plates of bulk relaxor ferroelectric ceramics of PMN-0.1PT [69]; each one has a thickness of
0.2 mm and exchanges heat with the silicon oil that has the role of heat transfer medium.

The highest detected temperature spans are 2.3 K and 3.3 K under 25 MV m~! and 5 MV m™!,
respectively, with the device working at the operating frequency of 0.75 Hz. In 2019, an upgraded
version of the device was presented: The AER is made of five stacks of bulk ceramic material
(1 = x)Pb(Mg1/3Nby3)O3 — xPbTiO3 (PMN-100xPT) [29] where each one is formed by nine parallel
plates. The tests revealed a peak in the temperature span of 3.3 K under f = 0.65 Hz, AE = 0.57 MV m~!
and Ty = 296 K; the maximum specific cooling power is 16 W kg~! but in correspondence with 1 K as
temperature span.

PMN-PT is the electrocaloric material on which the device built in 2016 by the German group
made of scientists of Leibniz Universitat Hannover and Fraunhofer Institute for Ceramic Technologies
and Systems is also based [81]. Specifically, the electrocaloric material PMN-PT was conceived in two
versions: As bulk samples and as multilayer structures, housed in two stacks of electrocaloric elements
in series. The regenerator is contained in a wrapper of 36 x 8 x 5 mm3 and the electrocaloric material
occupies 47% of the total volume of the AER. Each element of PMN-PT has a thickness of 0.8 mm,
whereas 0.4 mm is the space stacked by two elements where the fluid (silicon-oil) flows. Blumenthal
et al. noticed that the multilayer structures guarantee larger dielectric strength (10 kV mm™") than
the bulk samples (7 kV mm™') of the same material; as well as smaller is the minimum thickness
employable for each element. By their campaign of tests, they observed that the device could confer a
maximum temperature span of 0.17 K with AE =1 kV mm™! and f =1 Hz [81].

Next to the AER-based prototypes, the literature also accounts of an exiguous number of
thermal-diode-based electrocaloric systems. Next to the above-mentioned pioneering device developed
by Radebaugh et al. in 1979 [76] that was oriented to cryogenic applications, the first thermal-diode
device dedicated to room-temperature range was realized in 2013 by the research group of Pennsylvania
State University [82]. The device was called Electrocaloric Oscillatory Refrigeration and it is formed
by 24 layers of the electrocaloric irradiated P(VDF-TrFE 68/32) copolymer [11,19] whose thickness is
8 um per layer with four stainless-steel regenerators. The preliminary tests conducted on the device
revealed that it can provide a maximum temperature span of 6 K under AE = 100 MV m~! and 0.5 Hz
frequency [82].

In 2017, the same research group proposed [83] an electrocaloric device with direct solid-to-solid
regeneration, composed by two rings where the electrocaloric Y5V multilayer capacitor was installed.
Each block is formed by 20 electrocaloric elements for a global thickness of 0.2 mm. The innovation
is in the layout, but the energy performances are not so satisfactory since 2 K as ATspan,max,
under AE = 16.6 MV m~!, was observed.
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As always in USA, by Parc, a Xerox company, was developed the latest electrocaloric prototype
that was announced [84] during the Thermag 2018 conference. It is a self-regenerating electrocaloric
cooler, made of two layers of alternating rows of electrocaloric and insulating material; in preliminary
results [84], it achieved a ATspan,max = 2.5 K under AE = 30.8 MV m~!. More details were declared in
2020 by Wang et al. [85] and some picture of the device are reported in Figure 13. The electrocaloric
material is a multilayer structure of PbScy5Tag 503 formed by 39 elements. The authors observed a
temperature span of 5.2 °C (among the highest detected for TD-based systems) and a maximum heat
flux of 135 mW cm™2 that is more than four times higher than the other values found in literature on
similar devices [85].

A Top EC module layer B

~ Bottom EC module layer

Figure 13. The electrocaloric device of Parc, a Xerox company: (A) The assembly of the EC elements;
(B) the housing structure; (C) the 3-D model; (D) the realized architecture (reprinted with permission
from [85], Science 2020).

A recent and promising concept at the basis of electrocaloric devices development is the electrostatic
actuation. This type of electrocaloric system does not need either an auxiliary fluid or to sandwich
the electrocaloric material between two thermal diodes: The electrostatic actuation quickly moves a
flexible electrocaloric polymer between a heat source and a heat sink. Ma et al. [86] in 2017 reported on
their electrostatic actuation-based electrocaloric device. It is smart (7 cm X 3 cm X 0.6 cm), flexible, and
it is appliable to cool a small battery. The electrocaloric material employed is P(VDF-TrFE-CFE) because
of its mechanical flexibility and for showing a relevant electrocaloric effect at room temperature in
two laminated sheets. Each laminate sheet consists of a double-sided Kapton tape, a polyimide film,
and a silver-nanowire percolation network layer inserted in between. The best energy performances
provided by the system are 13 as COP (that corresponds to 0.061 of the Carnot COP), 1.4 K as maximum
temperature span between the heat source and sink and a specific cooling power of 2.8 W g1.
In 2020 the same research group proposed a novel version [87] of the electrocaloric prototype based
on electrostatic actuation where multiple units of electrocaloric sheets, to enhance the achievable
maximum temperature span and to allow the heat flux to flow continuously from the heat source to
the heat sink. The device formed by four cascaded layers of electrocaloric elements reaches 8.7 K as
maximum temperature span under no load condition, whereas 9 is the COP calculated under 2.4 as AT
and 10.4 at zero temperature span.

In the end, Deafay et al. in 2018 introduced a solid-to-solid prototype with energy recovery [31].
The device is formed by 12 multilayer capacitors where the electrocaloric element is BaTiO3. The charge
transfer took place via an inductor, with series diodes to prevent resonance. The prototype was able to
recover 65% of the work done without reducing the average heat Q pumped; this led to an increase of
the COP up to 2.9 on equal temperature span with respect to the case without energy recovering.

A summary of al the prototypes is reported in Table 5.
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Table 5. The experimental electrocaloric devices introduced in literature up to now.

27 of 33

Research Group and Location Year 1}}30151/1: ]r) ATspan,max [KI ECM HTF/TD 2 Material Reference
National Bureau of Standards; SrTiO3 ceramics D
. ’ 1979 TD 0.3 3 magnetothermal-mechanical [76]
Corning Glass Works, USA (parallel-plates) h .
eat switches
Moscow Power Engineering . Lo
Institute, URSS 1989 AER 5.0 PST multilayer HTF Liquid pentane [77,78]
multilayer of
. x(PbMgj 33Nbg 6703) +
CeramPhizlgg,l C[c;lsuAmbus, OH 2005 n.sd / y(PbScy5Nbg503) or n.s? [79]
’ x(PbMgp 33Nby 6703) +
y(PbTiO3) + z(SrTiO3)
3
Pennsylvania State University, 2013 D 6.0 PVDEF-TrFE 68/32 n.s [83]
USA 2017 TD 2.0 Y5V multilayer capacitors n.s? [84]
Ljubljana University Ljubljana 2014 AER 33 PMN-10PT (l.)ulk TD sili 1 [80]
(Slovenia) 2019 AER 33 samples/multilayer silicone oi 2]
structure)
Leibniz Universitat Hannover;
Fraunhofer Institute for 2016 AER 0.17 PMN-PT TD silicone oil [81]
Ceramic Technologies and ' stucone ot
Systems, Germany
Parc, a Xerox, USA 2018 TD 25 BaTiO; multilayer n.s [84,85]
capacitors
2017 1.4 P(VDF-TrFE-CFE) / [86]
5 . : . Electrostatic
University of California, USA ] _ _
y 2020 actuation 8.7 P(VDF-TrFE (E)FE) / [87]
(60/32/8 mol %)
Luxembourg Institute of
Science and Technology + BaTiO3 Multilayer
University of Cambdrige, UK 2018 D 0-26 capacitors TD and Inductor 311

etal.

1 Active Electrocaloric Regenerator/Thermal Diodes system. 2 Heat Transfer Fluid/Thermal diode. ® not specified.
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6. Conclusions

This paper aimed to review as widest as possible the background, the state of the art and the
research directions of the electrocaloric technology for cooling application. Aside from some pioneering
achievements, this technology is of recent interest; indeed, it is still in an evolutionary phase in which
some important results have been achieved, but the goal for the marketing of its products is still far
away. The fundamentals for obtaining satisfactory results are to have a system based on optimum
thermodynamic cycle and electrocaloric refrigerants with reference to its intended use and its field
of application. The emerging data from this review is that many progresses have been made both in
thermodynamic cycles and in novel materials development. There are many promising electrocaloric
materials both in the ceramic group because of their giant electrocaloric effect shown and both among
polymers and polymer nanocomposites also due to their capability of being flexible. This last property
could lead to the development of revolutionary prototypes completely based on new conceptions like
the one proposed by Ma et al. [86] and Meng et al. [87]. In our opinion, their idea could be the way to
develop competitive systems able to cool the electronic circuits or the batteries. Anyhow, the general
hope is that scientific research will orient its efforts in this direction with the development of more
efficient devices that can represent a turning point on the market for innovative refrigeration systems.
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Nomenclature

Roman symbols

area, m>

magnetic field induction, T
specific heat capacity, ] kg™! K~!
electric displacement, C m2
diameter,

electric field, Vm™!

frequency, Hz

heat transfer coefficient, W m~2
thermal conductivity, W m~! K~!
identity vector

flow rate, kg g1

electric polarization, C m2
pressure, Pa

power, W

power density, w m3
entropy, J kg‘1 K1
temperature, K

time, s
1

QT H Y 00T I~ TTHAgN T >

velocity vector, m s~

Greek symbols

temperature derivative of the reciprocal permittivity,
p -1 -1

mF K
€ electric permittivity, F m~!

n dynamic viscosity, Pa s
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P density, kg m™3

o porosity, -

P4 Curie constant, KA T~1. m™!
X electric susceptibility, -

U volume fraction, -

Subscripts

0 vacuum

ab absorbed

ad adiabatic

Curie at the Curie point

E constant electric field

e due to interactions with an electric field
ECM ElectroCaloric Material

eff effective

el

due to electrons agitation

electrodes  €lectrodes

£ fluid

fin final

fr frontal

gen generated

h hydraulic

ht heat transfer

i initial

irr irreversible

H Joule Heating

1 due to lattice vibrations

max maximum

P constant polarization

r proper of the material

s solid

st structural

T constant temperature

TDM Thermal Diode Material

X x-axes component
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