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Abstract 

The energy performances of an Active Caloric Refrigerator are reported in this paper. An ACR is 

tested under a vast number of solid-state refrigerants exhibiting one of the four main caloric 

effects considered for refrigeration (magnetocaloric, electrocaloric, elastocaloric and barocaloric 

effect). The analysis is performed numerically through a 2D model, experimentally validated , that 

can reproduce the behavior of an Active Caloric Regenerator. Temperature span, cooling power 

and coefficient of performance are the indexes through which the comparison is carried out.  The 

tests are performed at a fixed AMR cycle frequency (1.25 Hz), in the temperature range 292 ± 300 

K, varying the mass flux in the range 150 - 250 kg s-1 m-2. The most promising caloric materials that 

have been tested as refrigerants are: Gd, Gd5Si2Ge2, LaFe11.384Mn0.356Si1.26H1.52, LaFe11.05Co0.94Si1.10 

(magnetocaloric materials); P(VDF-TrFE-CFE)/BST polymer, 0.93PMN-0.07PT thin film, the Pb1-

3x/2LaxZr0.85Ti0.15O3 with single and variable composition, PbTiO3, Pb0.8Ba0.2ZrO3, 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3(electrocaloric materials); Cu68.13Zn15.74Al16.13, NiTi, PbTiO3 (elastocaloric 

materials); (NH4)2MoO2F4, MnCoGe0.99In0.01 (barocaloric materials). Among them, PLZT and in particular 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3  show  the  best  results,  higher than every other caloric material 

tested, conferring   to   electrocaloric   refrigeration globally the most promising behaviour.   

Keywords: Caloric refrigeration; Active Caloric Regenerator; caloric materials; magnetocaloric effect; 

elastocaloric effect; electrocaloric effect. 

 

NOMENCLATURE 

Symbols 

B           magnetic field induction, T 

C           specific heat, J kg-1 K-1  

COP      coefficient of performance, - 

E           electric field, V m-1 
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G            mass flux, kg s-1 m-2 

H            magnetic field, A m-1 

k thermal conductivity, W m-1 K-1 

L length of the regenerator in fluid flow direction 

M magnetization, A m-1 

P polarization, C mí� 

p pressure, Pa 

Q power density associated to caloric effect, W m-3 

ሶܳ  power, W 

RCP(S) entropy relative cooling power, J kg-1 

RCP(T) temperature relative cooling power, K2 

S entropy, J K-1m-3 

T temperature, K 

t time, s 

u longitudinal fluid velocity, m s-1 

V volume, m3 

v orthogonal fluid velocity, m s-1 

ሶܹ  mechanical power, W 

X conjugate field 

x longitudinal spatial coordinate, m 

Y   applied driving field 

y orthogonal spatial coordinate, m  

 

Greek symbols 

ǻ finite difference  

į infinitesimal difference 

İ strain 

 ҧ           infinitesimal quantityߝ



 - ,efficiency ߟ

 period of ACR cycle, s ߠ

Ȟ cinematic viscosity, m2 s-1 

ȡ density, kg m-3 

ı stress, Pa 

W period of each step of ACR cycle, s 

 

Subscripts 

0 minimum 

1 maximum 

ad adiabatic 

C
 cold heat exchanger 

CF cold-to-hot flow process 

FWHM full width at half maximum 

f fluid 

FD field decreasing 

FI field increasing 

H
 hot heat exchanger 

HF hot-to-cold flow process 

MAX at maximum 

p pump 

ref cooling 

rej heat rejected 

s solid 

span span across ACR cold and hot side 

 

1. Introduction 



The world in which we live today is characterized by deep environmental disasters and increasing pollution 
that results in global warming and sudden climate changes. Today we are the tenants of the world that 
tomorrow will be inhabited by our progenies. The point is that today we are not able to guarantee them an 
environmentally friendly future if we do not begin to drastically change the way we live, produce and 
consume. Demand of energy is growing continuously and more than 20% of energy consumption is due to 
refrigeration and air conditioning. Even if, over the last two decades, many efforts have already been made to 
reduce energy consumption, we are still far from acceptable threshold values. Among the many reasons of 
such data there is also, in some sectors, the still being linked to yesterday¶V technologies due to the absence 
of adequate substitutes. As a matter of fact, vapor compression has ruled the market extensively for many 
years. It is still the predominant technique [1] among industrialized and commercialized refrigerators and 
HVAC systems, even if it has provoked ozone depletion crisis, due to employment of CFC and HCFC 
refrigerants whom have been forbidden by Montreal Protocol [2] and substituted by HFCs. HFCs, in turn, 
have given a big boost to global warming and climate change so that they have been progressively phased 
out by the Kyoto Protocol [3] and substitutes by other classes of refrigerants (natural fluids, 
K\GURIOXRURROHILQV«� [4]. A more drastic step would be the progressive banning of the vapor compression 
itself if it could be replaced by a strong alternative. With this in mind, the scientific community has devoted 
huge efforts in developing possible alternative cooling techniques that would be ecological, performing and 
characterized by low energy consumptions. Among these alternatives, there is caloric refrigeration [5] that 
belongs to the solid-state class of cooling techniques also known as non-vapor compression technologies, or 
not-in-kind (NIK) cooling technologies. They have gained remarkable attention [6] since, taking vapor 
compression as reference, caloric refrigeration holds a potential for: improvements in energy efficiency; 
reduction of environmental impact since it employs solid-state materials with no direct Ozone Depletion 
Potential (ODP) and zero direct Global Warming Potential (GWP); reliability and manageability since it is 
characterized by more compact systems and acoustic comfort due to lower noise levels.  
Caloric refrigeration embraces other four main cooling techniques, each one based on a different caloric 
effect; such physical phenomena are exploited in a growing number of numerical and experimental cooling 
applications [7]. As a matter of fact, these techniques are linked to the group of materials that show a 
magnetocaloric, electrocaloric, elastocaloric and barocaloric effect, phenomena where the variation in the 
temperature of caloric material is registered when an applied external field changes in adiabatic conditions.   
Magnetic refrigeration, based on magnetocaloric materials exhibiting a caloric effect under a variation of an 
external magnetic field, has been the pioneer of caloric cooling since it has been well-studied and 
investigated for room temperature application over the past thirty years. In truth, the interest in magnetic 
refrigeration began with the discovery of the magnetocaloric effect attributed to Weiss and Piccard [8] in 
1917 but the turning point is located in 1982 when Barclay introduced [9] the use of reciprocating thermal 
regenerators (Active Magnetic Regenerators) coupled to a thermodynamic cycle, giving rise to a regenerative 
magnetocaloric cycle called Active Magnetic Regenerative (AMR) refrigeration cycle. The AMR cycle 
proved to be essential to achieve higher temperature span. The AMR cycle uses MagnetoCaloric Material 
(MCM) itself as both a refrigerant and regenerator such that the heat transfer process and regeneration 
process are coupled into a single process. The MCM is heated by magnetization and is cooled by 
demagnetization. In the last three decades a number of prototypes of magnetocaloric refrigerators has been 
developed. Most of them is founded on AMR cycle [10-15] classified basing: on rotative or alternative 
design; else on the nature of magnetic field generator (permanent magnets, superconducting magnets, 
electromagnets). In 2010, Kitanovski proposed [16] the concept of solid-state magnetic refrigerator founded 
on the Peltier effect that served as the thermal diode in order to manipulate and control the heat transfer 
direction. Even if the idea is promising, there are some disadvantages to be accounted like thermal resistance, 
electric resistance, durability and cost of the Peltier element. Recent studies have identified weaknesses 
[17,18] points of magnetic refrigeration and tried to improve them [19, 20]: as a matter of fact, most of the 
criticism lays in the high costs in magnetic field generating and the expansiveness of the most promising 
magnetocaloric refrigerants [21]. 



Electrocaloric Refrigeration (ER), which found is working principle on ElectroCaloric Effect (ECE), grew in 
a more recent past [22]. ECE is detected in ferroelectric materials (ElectroCaloric Materials, ECMs) showing 
an adiabatic temperature change while an applied electric field varies its intensity. Dually to magnetic 
refrigeration, the reference cycle for such technique is Active Electrocaloric Regenerative (AER) 
refrigeration cycle. The easy and relatively cheap electric field generation, together with the flexibility in 
producing high electric fields in large volumes, are the strong points of electrocaloric refrigeration. ER 
allows theoretically to reach values around 50 % of Carnot COP in small-scale applications [23]. A number 
of promising electrocaloric materials has been developed and most of them has a significant electrocaloric 
effect in a wider temperature range if compared with magnetocaloric materials [24,25]. Moreover, 
electrocaloric refrigerants belong mostly to ceramics and polymers, materials with relatively low costs. The 
number of developed prototypes of electrocaloric refrigerators [26,27] is really exiguous; huge disadvantages 
are related to the difficulties in electrically insulating the regenerators to prevent the occurrence of Eddy 
currents during the fluid flowing.  
By stretching or pressing adiabatically the working materials with elastic properties, elastoCaloric Effect 
(eCE) or BaroCaloric Effect (BCE) occur. Such phenomena are the fundamental of elastocaloric [28] and 
barocaloric refrigerations [29], two early caloric cooling techniques emerging in the latest past. Active 
reverse Brayton based thermodynamic cycles are still the most practical and easy-applying also for eCE and 
BCE giving rise to cooling or heat pump cycles. Elastocaloric cooling employs mostly shape memory alloys 
(elastoCaloric Materials, eCMs). Even if a huge number of eCMs and BaroCaloric Materials (BCMs) are 
ongoing to be developed [30-33] by all-over the world scientists and research-groups, there are no 
barocaloric prototypes, whereas the account of the developed elastocaloric one is really small and they are 
early status at all: there are three elastocaloric based heat-pumps [34-36] developed in 2016-2017 biennium; 
in 2017 Engelbrecht et al. published [37] initial experimental results of a regenerative elastocaloric device 
and lastly Kirsch et al. [38] introduced an air conditioning system based on shape-memory alloys. 
As a matter of fact, a key point that strongly influences the energy performance of a caloric prototype is the 
choice of the caloric solid-state refrigerant which best suits the application. Most of the time the novel 
developed materials are, firstly, tested numerically by means of models. The inherent state of the art contains 
a number of models of AMR regenerator [39-43], whereas very few are the models that test the energy 
performances of electrocaloric [44-46] and elastocaloric [47-50] materials and, furthermore, there are no 
barocaloric models in literature. To provide a general framework, we have developed a two-dimensional 
model of an Active Caloric Refrigerator (ACR) which can support any caloric solid-state material, regardless 
of the particular caloric effect. In the investigation introduced in this paper, the ACR has been tested with 
many solid-state materials exhibiting the four main caloric effects (MCE, ECE, eCE, BCE) and the relative 
energy performances have been carried out. 
 

2. Caloric effect and active caloric regenerative refrigeration cycle 

Caloric refrigeration is based on the same working principles, both as regard the physical of the caloric 
phenomenon at the base, and as regard the active thermodynamic cycle. Therefore, in this section, such 
concepts are treated generalizing. Caloric effect manifest itself in caloric materials, as reversible thermal 
changes, due to a variable driving field, which can be shown as entropy or temperature change, depending on 
whether the process is isothermal or adiabatic, respectively:  
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Y and X represent the generic applied and conjugate field, respectively. In table 1 are reported the 
correspondence between Y and X and the particularized caloric effects. In correspondence of a magnitude 
JURZLQJ� RI� WKH� GULYLQJ� ILHOG�¨V��� DQG�¨7ad!�� LI� WKH� FDORULF� HIIHFW� LV� GLUHFW�� GXDOO\�¨V!�� DQG�¨7ad<0 are 
associated to inverse effect. 
 

Caloric effect X 
 

Y 

Magnetocaloric M  H  

Electrocaloric P E 

Elastocaloric İ ı 

Barocaloric v P 

Table 1. Correspondence among generical and particularized caloric effects. 
 
As predicted before, the active caloric thermodynamic cycles of the four above mentioned caloric techniques 
can be generalized in an Active Caloric Regenerative refrigeration (ACR) cycle which is Brayton-based and 
it is composed of four steps.  

 
Figure 1. The four steps of Active Caloric Regenerative refrigeration cycle: a) adiabatic field-growing; b) 
CHEX to HHEX flowing; c) adiabatic field-falling; d) HHEX to CHEX flowing. 
 
With reference to Figure 1, considering an ACR located among a Cold Heat EXchanger (CHEX) and a Hot 
Heat EXchanger (HHEX), in the first step (a) the applied driving field is growing, adiabatically, from a 
minimum (Y0) to a maximum (Y1) (Figure 1a). Therefore, by magnetization, polarization, stretching or 
pressing, the regenerator, made up of caloric material, grows its temperature by means of MCE, ECE, eCE or 
BCE. Then, as visible in Figure 1 (b), by means of a pump (or a piston), the heat transfer fluid cools the 
ACR, crossing it, from CHEX to HHEX, where, in the latter, it rejects heat. The third step (c) is 
characterized by adiabatic field decreasing from Y1 to Y0 while the Heat Transfer Fluid (HTF) does not 
move, so a further temperature reduction in ACR is registered, thanks to caloric effect. The last step (d) sees 
HTF passing through the regenerator by means of a pump (or a piston): as a result, HTF cools down and goes 
into CHEX where it subtracts heat, giving rise to the useful effect of the cycle. 

 

3. A two-dimensional model of an Active Caloric Regenerator 



The investigation introduced in this paper has been performed by means of a developed two-dimensional 
model of a caloric refrigerator. The model can reproduce the behavior of an Active Caloric refrigerator 
operating at room temperature, whatever is the caloric effect considered (MCE, ECE, eCE, %&(«), in a 
wide range of operating conditions, such as cold and hot reservoir temperature, mass flux, intensity of field 
variation, ACR working frequency. Geometrically the model constitutes of a two-dimensional parallel-plate 
regenerator; among the caloric plates HTF flows interstitially. The regenerator is located between CHEX and 
HHEX, whose presence is counted by proper boundary conditions. 
  

3.1 Regenerator design 

Figure 2 shows the design of the regenerator: a white stack of plates bounded by an H x L packaging (20 x 
45 mm2) forms the caloric solid-state refrigerant; whereas yellow are the channels for fluid crossing. Each 
solid-state plate is 0.25mm thick; the distance between two plates is 0.125 mm and it corresponds to the 
thickness of a single channel. Dually the distance between two channels is 0.25 mm. 
 

   
Figure 2. Design of the caloric regenerator. 
 

3.2 Mathematical model 

The regenerator described in section 3.1 is the domain where different sets of equations are applied, in 
correspondence of the current ACR process. As a matter of fact, the regenerator is subjected to the four 
processes of the ACR cycle, repeated cyclically. During the processes of fluid crossing, the regenerator 
is governed by energy (both for fluid and solid) and Navier-Stokes equations as follows: 
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The assumptions made are to operate with a laminar and incompressible fluid and to neglect the viscous 
dissipation since the mass flow is small. To model opportunely the fluid direction, the velocity vector has 
been considered positive if fluid flows from CHEX to HHEX, negative otherwise. During the fluid flow 
process, the interaction among the regenerator and the cold and hot heat exchangers is entrusted to 
Dirichlet boundary conditions: in the cold-to-hot flow process the CHEX mean temperature TC is 
imposed in the left side; in the hot-to-cold TH (HHEX mean temperature) is forced on the right side. 

During the adiabatic field-changing steps the fluid is still, and the model is ruled by the energy equations 
for fluid and solid-state materials as follows: 
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The coupled boundary condition in this process is thermal insulation applied to all the boundaries. 

The consequent caloric effect is taken in count in the solid by means of Q: 
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Q is a power density constructed to be proportional to ߂ ௔ܶௗሺ݂݈݅݁݀�ǡ ௦ܶሻ and, therefore Q is a function of 
the intensity of the applied field. Q is positive during adiabatic field-growing, negative during adiabatic 
field-decreasing. This solution makes the model adaptable for every type of caloric effect and 
consequentially the model can reply the behavior of every Active Caloric Regenerative refrigeration 
cycle. As a matter of fact, Q is a further mathematical expression obtained by elaboration and 
manipulation of experimental data of C(field, Ts) and ߂ ௔ܶௗሺ݂݈݅݁݀�ǡ ௦ܶሻ, available from scientific 
literature, by the help of a mathematical finder software. A detailed description of Q construction is 
provided in section 4.  
 
3.3 Model solving 

The model is solved by means of Finite Element Method: through a meshing, the regenerator is divided 
into a set of smaller and shape-simpler mini-domains, called finite elements. Every element experiences 
its own ACR cycle and the results are then assembled into a larger system (the regenerator) that replies 
the entire problem. Figure 3 reports a zoom of the regenerator meshing: an unstructured triangular 
meshing has been built. Triangular mesh is a quick and easy solution for most of the domain and easily 
adaptable for rectangular structure. In the domain triangles are smaller where a greater accuracy is 
required (higher gradients).  

 



 

Figure 3. A focus on regenerator triangular mesh built for solving the model. 
 
ACR cycles are applied to the regenerator as repeated sequences of four time-dependent sequential steps 
until reaching steady-state. For this purpose, the initial condition of each thermodynamic step is the last 
condition of the previous one, so that a time-based sequential condition can be applied. The period of 
HDFK�VWHS�RI�$&5�F\FOH�LV�Ĳ��WKH�VDPH�IRU�DOO�WKH�$&5�VWHSV���ZKHUHDV�WKH�SHULRG�RI�HDFK�$&5�F\FOH�LV�ș�
and, therefore,  

ߠ ൌ Ͷ߬                                                               (6) 

The ACR cycle is repeated n times until the regenerator reaches steady-state operation. Steady-state 
operation, ideally, takes place when in every point of the ACR regenerator the temperature at the beginning 
and at the end of the cycle is the same: 

ܶሺݔǡ ǡݕ Ͳ ൅ ሻߠ݊ ൌ ܶሺݔǡ ǡݕ Ͷ߬ ൅  ሻ                                                      (7)ߠ݊

  Therefore, to ensure the achievement of such condition, the cyclicality criterion must be satisfied in the 
ACR regenerator: 
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4. Caloric materials 

The choice of the caloric solid-state refrigerant to be used in relation to the working temperature range and 
the applications to which it is addressed, must take into account several variables. As a matter of fact, 
alongside the specific ones related to each particular caloric effect, it is possible to classify the general 
requirements that a caloric material must possess in order to be suitable for refrigeration. A caloric 
refrigerant should be: 

x with high caloric effect and thermal conductivity, low specific heat in the working 
temperature range, together with a high corrosion resistance to guarantee good energy 
performances;  

x toxic element free and chemically stable from a health and safety point of view; 
x easily synthesizable, composed by a restricted number of elements and inexpensive to 

ensure reproducibility in large-scale applications. 



 

Gschneidner Jr. and V. K. Pecharsky introduced [51] in 2000 relative cooling power, a useful parameter for 
estimating the cooling capacity of magnetocaloric materials taking into account significative variables like 
the amplitude of MCE in correspondence of its peak temperature and the wideness of the effect by counting 
the full width at half maximum ('TFWHM). Relative cooling power could be generalized for all caloric 
materials and expressed with reference to isothermal entropy or adiabatic temperature changes, respectively 
as: 

ሻݏሺܲܥܴ ൌ െοݏெ஺௑ כ ο ிܶௐுெ                                                             (9) 

ሺܶሻܲܥܴ ൌ െο ௔ܶௗǡெ஺௑ כ ο ிܶௐுெ                                                          (10) 

In the present investigation materials belonging to the four main classes of caloric effect materials have been 

considered. Following they are introduced more detailed.   

 

4.1 Magnetocaloric materials 

Four are the magnetocaloric materials tested; they can be considered the most promising material in the 

temperature range. Gadolinium is for sure the first candidate since it has represented the benchmark [52,53] 

from the dawn of the researches on magnetic cooling. It is a lanthanide rare-earth material that shows the 

MCE maximum at 294 K where a second order transition arises. Type Gd5(Si1-xGex)4 (where 0 < x < 0.5) 

alloys are worthy of consideration [54] as well, because of the Giant MCE manifesting in room temperature 

range. In particular, Gd5Si2Ge2 is the best candidate of this family of alloys for its two MCE peaks (at 276 K 

and 299 K) [55]. LaFe11.384Mn0.356Si1.26H1.52 [56] and LaFe11.05Co0.94Si1.10 [57] exhibiting peaks at 290 K and 

287 K, respectively, are the two materials under test belonging to the rare earth transition metals La(FexSi1-

x)13 [58], an interesting class for materials reproducibility, price and ecotoxicity. Table 2 reassumes the MCE 

characteristics of them. 

MCE Material Tpeak 

[K] 
ǻ% 

[T] 
ǻ7ad 

[K] 
  ȡ 
[kg/m3] 

 K 
[W/mK] 

RCP(s)  
[J/kg] 

RCP(T) 
[K2] 

Ref. 

Gd 294 1.5  6 7900 10.9 240 187 [52] 

Gd5Si2Ge2 276 1.5 14 7205 5.8 154 117 [54] 

LaFe11.384Mn0.356 Si1.26H1.52 290 1.5 5 7100 9 115 50 [56] 

LaFe11.05Co0.94Si1.10  287 1.5 5.5 7290 8.9 83 30 [57] 

Table 2. Thermodynamic and caloric features of MCMs under investigation. 
 
 

4.2 Electrocaloric materials 

The number of electrocaloric candidates of the present study is bigger than magnetocaloric one because 

larger is the number of potential electrocaloric refrigerants. As a matter of fact, the scientific community has 

made many efforts [59, 60] in developing performing and competitive ECE solid-state materials for room 

temperature refrigeration. The ECE materials selected and introduced in this paper belong to different 



physical categories: single-crystal, ceramics or polymer, in bulk substrates or else thick or thin films. Among 

them particular importance is assumed by the class of P(VDF-TrFE-CFE)/BSTs polymer nanocomposities 

[61] because of the large ECE manifested. P(VDF-TrFE-CFE)/BSTs polymer nanocomposities [62] have 

been selected, for their high ECE, since they are implemented by doping the polymer P(VDF-TrFE-CFE) 

62.3/29.9/7.8 mol% with (BaxSr1-xTiO3), with the purpose to reduce both dimensions of the ferroelectric 

domain and the energy bandgap to phase transition. In particular, for the enhanced ECE detected in the room 

temperature range, under not so elevated electric field variations (75 V*ȝm-1) the tested materials belonging 

to the above class are: P(VDF-TrFE-CFE) 62.3/29.9/7.8- Ba0.67Sr0.33TiO3, P(VDF-TrFE-CFE) 62.3/29.9/7.8-

Ba0.71Sr0.29TiO3, P(VDF-TrFE-CFE) 62.3/29.9/7.8-Ba0.74Sr0.26TiO3, P(VDF-TrFE-CFE) 62.3/29.9/7.8-

Ba0.77Sr0.23TiO3, that following will be referred more compactly as P(VDF-TrFE-CFE)/BST67, P(VDF-

TrFE-CFE)/BST71, P(VDF-TrFE-CFE)/BST74, P(VDF-TrFE-CFE)/BST77.  

0.93PMN-0.07PT thin film [63] has been considered because of its giant electrocaloric effect around 300 K. 

The material grows up by filling the relaxor ceramic PbMg2/3Nb1/3O3 (PMN) with PbTiO3 (PT), to achieve a 

wide-range of dipolar ordering [64]. Moreover, also the stand-alone bulk sample of PbTiO3 has been 

employed as caloric refrigerant, for its multicaloric nature [65] (it shows both and simultaneously 

electrocaloric and elastocaloric effect in the room temperature range). Even if its caloric peaks are quite 

further (750 K) from room temperature range, PbTiO3 SURYLGHV�SURPLVLQJ�YDOXHV�RI�¨7ad around 300 K at 

moderate fields. With reference to electrocaloric effect, PbTiO3 hDV� EHHQ� HPSOR\HG� FRQVLGHULQJ�¨( �����

MVm-1. 

Considering the Pb1-3x/2LaxZr0.85Ti0.15O3 (PLZT) class in thick films shape, the single composition PLZT 

11/85/15 [66], which shows an ECE peak of ¨Tad  ����.�XQGHU�¨( ��09P-1, has been tested. TKH�³XS-

JUDGHG´�DQG�WKH�³GRZQ-JUDGHG´�DQWLIHUURHOHFWULF�FRPSRVLWLRQV have also been employed [67]; they have been 

obtained, respectively, by increasing or decreasing the La content from 8 to 14 mol%. They show an 

enormous ECE at room temperature. Moreover, tKH�JLDQW�(&(� �ǻ7ad = 45.3 K at 598 kVcm-1) in relaxor 

ferroelectric Pb0.8Ba0.2ZrO3 (PBZ) [68] thin film has been tested. The latter material has been fabricated on 

the Pt(111)/TiOx/SiO2/Si substrate by a sol-gel method. In this material nano-scaled AntiFerroElectric (AFE) 

and FerroElectric (FE) phases coexist at room temperature (290 K) rather than at its Curie temperature (408 

K). Lastly, a 2 mm-Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 (PLZST) AntiFerroElectric (AFE) thick film with a 

tetragonal structure deposited on LaNiO3/Si (100) substrates [69], has been investigated because of its giant 

ECE shown in the range from 278 to 298 K. Table 3 lists all the properties and features of the EC materials 

included in the investigation. 

ECE Material Tpeak 

[K] 
ǻ( 

[MV/m] 
ǻ7ad 

[K] 
  ȡ 
[kg/m3] 

 k 
[W/mK] 

RCP(s) 
[J/kg] 

RCP(T) 
[K2] 

Ref. 

P(VDF-TrFE-
CFE)/BST67 

311 75  9.2 2060 10.9 10550 1087 [62] 

P(VDF-TrFE-
CFE)/BST71 

322 75 9.4 2060 5.8 10000 1038 [62] 

P(VDF-TrFE-
CFE)/BST74 

331 75 9.7 2030 9 4065 50 [62] 



P(VDF-TrFE-
CFE)/BST77   

337 75 9.9 2060 8.9 4180 30 [62] 

0.93PMN-0.07PT   
  

298 50.9 9 8300 
 

1.4 135 125 [63] 

 72.3 13 162 160 

PbTiO3 750 100 35 8000 4 4450 17500 [65] 

PLZT11/85/15 111 90 12 7900 1.9 1200 1320 [66] 

PLTZ upgraded / 90 28 7900 1.9 3300 2800 [67] 

PLTZ downgraded / 90 20 7900 1.9 1380 1200 [67] 

Pb0.8Ba0.2ZrO3 290 59.8 45 7700 1 480 630 [68] 

40.8 36 288 324 

21 20 120 140 

Pb0.97La0.02(Zr0.75S
n0.18Ti0.07)O3 

278 90 54 8300 1 - - [69] 

70 43 - - 

60 33 - - 

Table 3. Thermodynamic and caloric features of ECMs under investigation. 
 

4.3 Elastocaloric materials  

Most of the materials showing elastocaloric effect are also called shape memory materials, due to the shape-

memory effect (they remember the original shape and can return to the pre-deformed shape). Shape-memory 

materials are cubic intermetallic which show superelastic mechanical properties inherent to the first-order 

transition (austenitic-martensitic) that they experience: the transition sees the materials passing from high to 

lower symmetry and temperature as a consequence of the lattice deformations [70]. If the transition comes 

out by the imposition of uniaxial stress, a prominent elastocaloric effect occurs. In this investigation the 

choice of the promising elastocaloric refrigerants range has fallen upon three different materials which show 

giant eCE in room temperature range: 

x single crystal of Cu-Zn-Al: particularly Cu68.13Zn15.74Al16.13 [71] which, for a stress varying in [0;140] 

MPa range, exhibits high values of ¨Tad (around 16 K) in the room temperature range of interest. 

x Ni-Ti polycrystals due to superelastic behaviour that, if driven by uniaxial stress of ¨ı� �����03D� 

VKRZ�D�PD[LPXP�¨7ad of about 25 K at 350 K [72]. 

x  The relaxor multicaloric PbTiO3 [64], already introduced in section 4.2, and here tested under ¨ı� �

2 GPa. 

Table 4 contains the details about the elastocaloric candidates considered. 

eCE Material Tpeak 

[K] 
ǻı 
[GPa] 

ǻ7ad 

[K] 
  ȡ 
[kg/m3] 

 k 
[W/mK] 

RCP(s)  
[J/kg] 

RCP(T) 
[K2] 

Ref. 

Cu68.13Zn15.74Al16.13 234 0.14 16.5 7700 179 - - [71] 

NiTi 350 0.9 26 6500 10 1800 1250 [72] 

PbTiO3 630 2 34 8000 4 5000 6125 [65] 



Table 4. Thermodynamic and caloric features of eCMs under investigation. 
 

4.4 Barocaloric materials 

In the number of barocaloric candidates for room temperature refrigeration, an interesting comparison has 

been done. As a matter of fact, the investigation has focused upon two distinct materials: 

x the (NH4)2MoO2F4 oxyfluorides [73], direct BCE material, whose Tpeak is about located around 272 

K considered for three different pressure fields applied; 

x  the hexagonal Ni2In-type MnCoGe0.99In0.01 [74] exhibiting an inverse barocaloric effect due to a 

pressure-driven orthorhombic-hexagonal magneto-structural transition. The transition for 

MnCoGe0.99In0.01 RFFXUV�DURXQG�����.�ZLWK�D�¨7ad of -18.3 K.  

Table 5 contains details about the two tested barocaloric materials. 

BCE Material Tpeak 

[K] 
ǻp 

[GPa] 
ǻ7ad 

[K] 
  ȡ 
[kg/m3] 

 k 
[W/mK] 

RCP(s)  
[J/kg] 

RCP(T) 
[K2] 

Ref. 

(NH4)2MoO2F4 
 

272 0.9  18 2200 
 

1 
 

792 873 [73] 

272 0.7  15 548 562 

272 0.5  12 410 420 

MnCoGe0.99In0.01 298 0.3 -18.3 7900 65 840 225 [74] 

Table 5. Thermodynamic and caloric features of BCMs under investigation. 
 

4.5 Building Q-functions for caloric effect in the model 

The experimental data proper of the caloric materials presented in sections 4.1-4.4 have been manipulated (as 

described in section 3.2) to the purpose of building mathematical Q-functions to be employed in the ACR 2-

D model. For all the caloric effects, the hysteresis phenomenon has been taken in consideration by means of 

the following considerations:  

I) IRU� WKH� PDWHULDOV� IRU� ZKLFK� WZR� GLIIHUHQW� ¨7ad(field,T) curves (i.e. for field increasing and 

decreasing cycles) were available in scientific literature, two separate Q-functions have been 

built;  

II) where WZR�VHSDUDWH�¨7ad(field,T) for field increasing/decreasing were not reachable, the first Q-

function has beeQ�EXLOW�EDVLQJ�RQ�WKH�DYDLODEOH��¨7ad(field,T) and the second Q-function has been 

constructed, shifting the first one along x-axis, according to an aprioristic estimation of the 

hysteresis phenomenon. 

Furthermore, with reference to MCE materials two separate Q-functions have been built for magnetization 

and demagnetization combining, next to the effect of the hysteresis existing in the first-order transition 

materials considered, also the variability of heat capacity C(B,T). The latter, for all the other caloric effect 

materials, has been considered constant [44].  



As an example, in the figures 4-7 are shown some significative Q-functions for the four caloric effect 

materials.  

 

 
Figure 4. Q-functions built for the magnetocaloric  material LaFe11.05Co0.94Si1.10 for (a) magnetization and (b) 
demagnetization processes in the range 0÷1.5 T. 



 
Figure 5. Q-functions built for the electrocaloric 0.93PMN-0.07PT for: (a) polarization; (b) depolarization 
processes under a field changing in 0÷50.9 MV/m. 
 
 



 
Figure 6. Q-functions built for the elastocaloric material NiTi for (a) loading and (b) unloading processes in 
the range 0÷0.9 GPa. 
 



 

Figure 7. Q-functions built for the inverse barocaloric MnCoGe0.99In0.01 for field: (a) increasing; (b) 
decreasing in the range 0÷0.3 GPa. 
 

In Table 6 are reported the QFI 
Ĳ�IXQFWLRQV��UHODWHG�WR�WKH�ILHOG�LQFUHDVLQJ�SURFHVV��REWDLQHG�starting from the 

experimental data.  

Material Mathematical expression 

MCE materials 

Gd 
ǻ% ����7 

ܳிூ ɒൌכ ͳͲ଺ ቄͲǤͶʹ͸ͳ ൅ ʹǤʹʹʹ ���ሺʹǤͳͶͷ ൅ ͲǤͲ͵ͺͷ͸�ܶሻ ൅ ଶǤ଼ସ଼
ୡ୭ୱሾହǤ଻ଵଵି଴Ǥଷହସଷୡ୭ୱሺି଴Ǥଵ଴଺ଷ�்ሻି଴Ǥସଶ଺ଵୡ୭ୱሺି଴Ǥ଴଺ହଵଽ�்ሻሿାୡ୭ୱሺି଴Ǥ଴଺ହଵଽ�்ሻ

ቅ 

Gd5(Si2Ge2) 
ǻ% ����7 

ܳிூ ɒ�ൌכ ͳͲ଺ כ ሾͲǤͺ͹͹ ൅ ଵସଶି଴Ǥସଷଽ ೞ்
ହǤଵହିସǤ଼ଶכୱ୧୬ሺଷ଻Ǥଽ ೞ்ሻ

ሿ 

LaFe11.384Mn0.356Si1.26
H1.52 

ǻB=1.5 T 

ܳிூ ɒൌכ ͳͲ଺ כ ሾͻǤͺͷ ൅ ͲǤͲ͵͹͸ܶ ���ሺെ͵ͳǤʹܶሻ ൅ ���ሺͷǤͷʹܶሻ ���ሺെ͵ͳǤʹܶሻ ൅ ���ሺͷǤͷʹܶሻ െ ͵Ǥ͵ͷ כ
���ሺെͲǤ͵Ͷͻܶሻሿ 

LaFe11.05Co0.94Si1.01 
ǻ% ����7 

ܳிூ ɒൌכ ͳͲ଺ כ ሾ ଶǤ଴ସା଴Ǥହଵ଺ ୱ୧୬ሺି଺Ǥଵ଻்ሻ
ଵǤଵସାୡ୭ୱሺ଴Ǥଶ଼ ୱ୧୬ሺିଵଶǤ଻்ሻି଴Ǥ଴ହସଽ்ሻ

ሿ 

ECE materials 



0.93PMN-0.07PT 
¨E=50.9MV/m 

ܳிூ ɒൌכ ͳͲ଺ כ ሺ͹Ǥͺͺ െ ʹǤʹͻܿݏ݋ሺͶͶǤʹܶሻ െ ͹Ǥ͵����ሺͲǤͳ͵͹ܶሻሻ                  

 
0.93PMN-0.07PT 
¨E=72.3MV/m 

ܳிூ ɒൌכ ͳͲ଺ כ ሺʹͳ͸ ൅ ͷǤ͹͵ ���ሺെͲǤʹ͵ʹܶሻ െ ͲǤͻͳ͹ܶ െ ͺͳǤͷ����ሺͲǤͲ͵Ͳʹܶሻሻ 

P(VDF-TrFE-
CFE)/BST67  

¨E=75.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሺ͵Ǥ͵ʹ כ ܶ ൅ ͲǤͲ͵ʹͳ כ ܶ כ ���ሺ͸ͶʹͲ כ ܶሻ െ Ͷ͹ͻ െ ͲǤͲͲͷͷ כ ܶଶ

െ ͳǤʹ͵ כ ���ሺ͸ͶʹͲ כ ܶሻ െ ͹Ǥͺͳ כ ���ሺ͸ͶʹͲ כ ܶሻሻ 
 

P(VDF-TrFE-
CFE)/BST71 

¨E=75.0 MV/m 
ܳிூ כ ɒ ൌ ͳͲ଺ כ ቆʹǤͺͷ כ ܶ ൅

ͷͲͲͲ כ ���ሺͲǤͲͺ͹ͳ כ ܶሻ
ܶ

െ Ͷʹ͵ െ ͲǤͲͲͶͷͷ כ ܶଶ െ ͳ͹Ǥ͵

כ ���ሺͲǤͲͺ͹ͳ כ ܶሻ൰ 

 
P(VDF-TrFE-
CFE)/BST74 

¨E=75.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሺ͵Ǥ͵ͷ כ � ൅ ͲǤͺͺͷ כ ���ሺͲǤͳͳͺ כ �ሻ ൅ ͲǤ͵ͻ͹ כ ���ሺͲǤͳͳͺ כ �ሻ כ ���ሺͲǤͳͳ͹ כ �ሻ െ ͷͳͺ
െ ͲǤͲͲͷͳͻ כ �ଶሻ 

 
P(VDF-TrFE-
CFE)/BST77 

¨E=75.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሺ͵Ǥͺͻ כ ܶ െ ͸ͳʹ െ ͲǤͲͲͷͻͶ כ ܶଶ െ ͳǤʹͳ כ ሺͲǤͳͲͳݏ݋ܿ כ ܶሻሻ 

PLZT11/85/15 
¨E=90.0 MV/m 

ܳொಷ಺ כ ɒ ൌ ͳͲ଺ כ ሺͳͺǤ͸͵ ൅ ͶǤͳʹ כ ���ሺ͵Ǥ͸ͻ ൅ ͲǤͲͷ כ ܶሻ െ ͶǤͶ͸ כ ���ሺ͵Ǥ͸ͻ ൅ ͲǤͲͷ כ ܶሻ
כ ���ሺ͵Ǥ͸ͻ ൅ ͲǤͲͷ כ ܶሻሻ 

PLZT upgraded 
¨E=90.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሺ͵͹ͲǤͷ ൅ ͳǤ͵ כ ���ሺͲǤ͵ͷ͸ כ ܶሻ ൅ ͲǤʹͳͻ כ ���ሺ͵͹͸ǤͶ כ ܶሻ െ ͳǤͲ͵ כ ܶ െ ͺǤͳͳ
כ ��� ͲǤͳ͵͹ כ ܶሻ 

PLZT downgraded 
¨E=90.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሺͷ͵ ൅ ͳͷǤ͹͵ כ ���ሺെͲǤͲ͸͵ כ ܶሻሻ 
 

PbTiO3 
¨E=100.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾͶǤͺ͵ ൅ 0.000118כ �ܶଶሿ                                      

Pb0.8Ba0.2ZrO3 
¨E=21.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾʹ͵ǤͶͶ െ ���ሺ�ሻ െ ͸ כ ���ሺͲǤͷͲͻͶ כ �ሻ െ ͳ͸Ǥͳ͹ כ ���ሺെ͸Ǥͷʹ͹ כ �ሻ] 

Pb0.8Ba0.2ZrO3 
¨E = 40.8 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ͹ͲͲǤ͸ ൅ ͳǤ͹͹͵ כ ܶ כ ���ሺͷǤ͹͹ͷ ൅ ͲǤ͵͸͵͹ כ ܶሻ ൅ ͹Ǥͳͻͻ כ ���ሺͲǤ͵͸͵͹ כ ܶሻ
כ ���ሺͷǤ͹͹ͷ ൅ ͲǤ͵͸͵͹ כ ܶሻ െ ʹǤʹͶ כ ܶ െ ͷͶʹǤͳ כ ���ሺͷǤ͹͹͵ ൅ ͲǤ͵͸͵͹ כ ܶሻሿ 

Pb0.8Ba0.2ZrO3 
¨E = 59.8 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ͸ͺʹǤͻ ൅ ʹǤ͵͸ʹ כ � כ ���ሺ͵Ǥͷͺ ൅ ͲǤ͵͹ʹ כ �ሻ െ ʹǤͳͶͳ כ � െ ͹ͳͻǤͳ כ ���ሺ͵Ǥͷ͹ʹ ൅
ͲǤ͵͹ʹ כ �ሻ] 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.

07)O3 
¨E=90.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾͲǤʹ͹Ͷ͸ כ � ൅ ሺ
ʹǤͳͺ͹ כ ͳͲହ

ܶ െ ͹ʹͲǤͳ
ሻሿ 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.

07)O3 
¨E=70.0 MV/m 

 
ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ͸ͳ͸Ǥ͹ െ ͳǤͺʹͷ כ � െ ͵Ǥ͸Ͷ כ ����ሺͲǤͳͷ כ �ሻሿ 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.

07)O3 
¨E=60.0 MV/m 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾͲǤͺ͵Ͳ͸ כ � ൅ ሺ
ʹǤͲͳ͹ כ ͳͲହ

ܶ െ ͺ͸ͻǤͷ
ሻሿ 

eCE materials 

NiTi 
ǻı ����*3D ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ͵͸͸ʹ െ

ͷͻͷ͸Ͳ
ܶ

െ ͷǤ͵͹ כ � െ ͵ǤͻͶͺ כ ���ሺͳ͵ͶǤ͸ כ ܶሻሿ 

Cu68.13Zn15.74Al16.13 
ǻı �����*3D 

ܳிூ כ �ɒ ൌ ͳͲ଺ כ ሾͺͶͻ ൅ ͵ͶǤ͹ כ ���ሺͲǤͲͲͲͳͶ͹ כ ܶଶሻ ൅ ���ሺͲǤͶ͵ͺ כ ܶሻ െ ʹǤ͹͵ כ ܶሿ 

PbTiO3 
ǻı � GPa 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ͹Ǥͷͺ ൅ 0.000139�ܶଶ] 

BCE materials 

NH4)2MoO2F4 
ǻp = 0.5 GPa  

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾͳ͵͵ǤͶ ൅ ͳͲǤ͹ כ ���ሺ͵ͷͳǤͷ כ �ሻ െ ͲǤ͵ͺʹʹ כ � െ ͲǤͲ͵͹͸ͻ כ � כ ���ሺ͵ͷͳǤͷ כ �ሻሿ 



 
(NH4)2MoO2F4 
ǻp = 0.7 GPa 

 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾሾͳǤͲͺͺ ൅ ͲǤʹ͹͹͹ כ ���ሺͲǤ͵ͻͻͷ כ �ሻ െ ͺͷǤ͵ͺ െ ͲǤͲͲʹ͵͸ͷ כ �ଶሿ 

(NH4)2MoO2F4 
ǻp = 0.9 GPa 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾͻ͸Ǥͻʹ ൅ ͲǤͶʹͷͻ כ ���ሺͲǤʹ͵Ͷͳ כ �ሻ െ ͲǤʹͲ͸͵ כ �ሿ 

MnCoGe0.99In0.01 
ǻS� �����*3D 

ܳிூ כ ɒ ൌ ͳͲ଺ כ ሾ-31.83 Ȃ 34.34*cos(0.0002128*T2)]   

Table 6. Mathematical expressions for the QFI 
Ĳ�IXQFWLRQV��UHODWHG�WR�WKH�ILHOG�LQFUHDVLQJ�SURFHVV. 

 
5. Investigation and results 

The investigation has been performed simulating several ACR cycles for the above described caloric 

materials. The ranges where external applied fields vary are related to the particular caloric material under 

test and they are explicated in Tables 2-5. Fixed are: the active caloric cycle frequency (1.25 Hz), cold and 

hot heat exchanger temperature (TC=292 K, TH=300 K) while mass flux was varied in the range 150 ÷ 250 

kg s-1m-2. Such operating conditions are the same for all the class of caloric materials in order to build a 

general map of performance for caloric cooling. Therefore, the purpose of the investigation introduced is to 

compare the energy performances of the ACR regenerator while it employs one by one the caloric 

refrigerants. The energy parameters evaluated are the followings: 

߂ ௦ܶ௣௔௡ ൌ ுܶ െ ଵ
ఛ ׬ ௙ܶሺͲǡ ǡݕ ሻݐ

ସఛା௡ఏ
ଷఛା௡ఏ  (11)                     ݐ݀

߂ ௦ܶ௣௔௡ quantifies the temperature span across the active caloric regenerator at the end of a steady-state hot-

to-cold flow step.  

Cooling power measures the power at which the cooling system removes heat: 

ሶܳ ௥௘௙ ൌ
ଵ
ఏ ׬ ሶ݉ ௙ܥ௙൫ ஼ܶ െ ௙ܶሺͲǡ ǡݕ ሻ൯ݐ

ସఛା௡ఏ
ଷఛା௡ఏ  (12)                    ݐ݀

Coefficient of performances is evaluated as: 

ܱܲܥ ൌ ொሶ ೝ೐೑
ொሶ ೝ೐ೕିொሶ ೝ೐೑ାௐሶ ೛

          (13) 

where  ሶܳ ௥௘௝ and ሶܹ௣ are estimated as: 

ሶܳ ௥௘௝ ൌ
ଵ
ఏ ׬ ሶ݉ ௙ܥ௙൫ ௙ܶሺܮǡ ǡݕ ሻݐ െ ுܶ൯

ଶఛା௡ఏ
ఛା௡ఏ  (14)        ݐ݀

ሶܹ௣ ൌ
௠ሶ ሺ௱௣಴ಷା௱௣ಹಷሻ

ఎ೛ఘ೑
          (15) 

 

The energy performances of the modelled ACR regenerator are presented in this section. Figure 8 contains 

WKH�¨7span vs Gf graph for a) magnetocaloric, b) electrocaloric, part I, c) electrocaloric, part II, d) elastocaloric 

and e) barocaloric materials, estimated under the above-mentioned operative conditions. The first tendency 

emerged from the investigation is the inverse proportionality between fluid velocity and 'Tspan: 



corresponding to small fluid flow rate, the fluid is regenerated to reach lower cold side temperatures. From 

the plotted data, one can notice that for most of the caloric materials tested ¨Tspan follow within the range 10 

÷ 17 K.  Among magnetocaloric materials, gadolinium offers the highest temperature spans with a middle 

value of 10.2 K; such data were predictable since it works in a temperature range centred to its Curie point 

(294 K). All the other MCE candidates underperform Gd with a negative primacy of Gd5Si2Ge2 ZKRVH�¨7span 

is on average 15% lower than the former. Indeed, this material works in a temperature range out of its Curie 

temperature (276K). Temperature spans of MCMs remain very low if they are compared to the other caloric 

classes and this is also due to limited magnetic field obtainable by permanent magnets. In the group of 

mechanocaloric materials the trends are slightly better since the lowest ¨Tspan (10.9 K for Gf=250 kg m-2 s-1), 

registered for PbTiO3, is however greater than Gd ones. Peaks are exhibited by the eCE Ni-Ti polycrystals 

driYHQ�E\�XQLD[LDO�VWUHVV�RI�¨ı� �����03D��ZLWK�D�PLGGOH�YDOue of 15.5 K and by the inverse BCE materials 

MnCoGe0.99In0.01 �¨S ����*3D��ZLWK� D� SHDN� RI� 15.3K for Gf = 150 kg m-2 s-1. From figure 8(b), one can 

observe that temperature spans proper of most of ECE materials are lower than those of mechanocaloric 

materials, but higher than those of gadolinium (and therefore of MCM group): ¨Tspan of Pb0.8Ba0.2ZrO3 driven 

E\� ¨( 21.0 MV m-1
 are, on average, 16% higher than Gd ones. Positive exceptions are represented by 

Pb0.8Ba0.2ZrO3 driven by greater electric fields and by ECE materials plotted in figure 4c; for them WKH�¨7span 

fall within the range 18-45 K. In particular, Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 show giant values of ¨Tspan 

(greater than 40K) under so not  elevated changes of electric fields DSSOLHG��DV�DQ�H[DPSOH�RQ�HTXDO�¨( = 90 

MV m-1,  Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 produces a temperature span about 1.8 times greater that PLZT 

upgraded.  

As an example, in the figures 9-10 one can appreciate the temperature profiles built at the end of an ACR 

cycle operating in steady-state condition, when then the regenerator works with Gadolinium (figures 9) and 

with PLZT in downgraded composition (figures 10). The plots are referred to the regenerator operating with 

a mass flux of 198 kg m-2 s-1. Particularly, for both the materials the following plots have been built: (a) 2D 

plot of the whole caloric regenerator; (b) 1D plot vs x-axis for some slices of the regenerator taken on y-axis. 

From the plots one can visually appreciate the temperature span measured among the two extremities of the 

regenerator (the cold and the hot one) that is about 10.1 K for gadolinium (figures 9 (a) and (b)) and 20.1 for 

the electrocaloric PLZT in downgraded composition (figures (a) and (b)).   

Figure 11 exhibits Qref vs Gf trends for a) magnetocaloric, b) electrocaloric, part I, c) electrocaloric, part II, d) 

elastocaloric and e) barocaloric materials. For each material investigated, cooling power grows with fluid 

velocity and therefore with mass flux [75]. 

As already noticed in ¨Tspan plots, to the magnetocaloric materials are associated the smallest cooling 

powers. Gadolinium still has the MCM best cooling powers with values in the range 80 - 125 W. The bad 

primate goes to Gd5Si2Ge2 whose ሶܳ ௥௘௙ do not exceed 30 W the reason has to be found in the temperature 

working range that is quite far from Gd5Si2Ge2 Curie point (276K). The tendencies for mechanocaloric 

materials see cooling powers going from a minimum of 108 W (evaluated for PbTiO3 driven by uniaxial 

stress of ¨ı� �2 GPa) to the best results of: i) 450W provided by the eCE NiTi (for ¨ı 0.9 GPa and Gf = 250 



kg s-1m-2); ii) the BCM (NH4)2MoO2F4 which touches a maximum ሶܳ ௥௘௙ of 400 W (XQGHU�¨S �����*3D and Gf 

= 250), almost 4 times higher than Gd, the best MCE candidate. Also the single crystal Cu68.13Zn15.74Al16.13 

confers satisfying cooling powers going from 240 W to 420 W. Electrocaloric materials exhibit the same 

tendency registered for ¨Tspan evaluation: almost all the materials of figure 9b provide cooling powers 

comparable to BCM and MCM ones. Moreover, cooling powers of Pb0.8Ba0.2ZrO3 driven by ¨E of 40.8 and 

59.8 MV m-1 are comparable to NiTi ones. On the other side, electrocaloric materials belonging to group II 

(figure 11c) deeply overperform all the other caloric candidates with cooling powers between 410 W and 

1800 W. The highest ሶܳ ௥௘௙ peak is associated to Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 under ¨E=90 MV m-1. 

Coefficients of performances, shown in figure 12 as a function of fluid mass flux for a) magnetocaloric, b) 

electrocaloric, part I, c) electrocaloric, part II, d) elastocaloric and e) barocaloric materials, do not confirm at 

all the above described trends. By the results carried out from our investigation, the coefficients of 

performance associated to the best materials for each caloric category are quite comparable: 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 XQGHU�¨( ���09�P-1 provides still the highest COP with a maximum of 15 in 

correspondence of Gf = 250 kg s-1m-2 but satisfying are also COPs proper of the elastocaloric Ni-Ti crystal 

with a value of 11 under an uniaxially driven field change of ǻı = 0.9 GPa, whereas the best performances 

among barocaloric candidates are given by (NH4)2MoO2F4 XQGHU�ǻS� �����*3D��&23 �����DW�*f = 250 kg s-

1m-2). On the other side, with reference to the MCE materials, although the energetic expenses due to 

magnetic work are quite narrowed, the smaller cooling powers detected lead to reduced COPs (the highest 

one is detected with gadolinium, but it does not exceed 9). It is important to underline that the different 

expense of the work associated with the variation of the driven field has a certain weight. Likewise, also the 

hysteresis detected in first order transition materials give a certain influence. As already reported in section 

4.5, the way we adopted in Q-function building has ensured the account of hysteresis in the evaluation of the 

energy performances carried out by our investigation. To provide a brief focus of such influence we report, 

as an example, in figure 13 the energy performances of Cu68.13Zn15.74Al16.13 evaluated with and without 

accounting the hysteresis under an uniaxially driven field changes of ǻı = 0.14 GPa. From figure 13 (a) one 

can notice that temperature span does not undergo a strong variation with a maximum reduction of 1 K; on 

the other side the influence of the hysteresis become more remarkable in cooling powers (figure 13 b) and 

coefficient of performances (figure 13 c), resulting in an average percentage decrease of -13% for ሶܳ ௥௘௙ and -

18% for COPs.   

Indeed, ሶܳ ௥௘௙ and COPs of many first order transition materials are lower than they would be without 

considering hysteresis, as noticed also by Zhao et al. [66,67] and Brey et al. [76]. They detected and 

demonstrated that, among the energy performances, COP is the most sensitive parameter to the presence of 

significant hysteresis in first order caloric materials. 



 



 



 



 



 

Figure 8��¨Tspan vs mass flux IRU�� �D��PDJQHWRFDORULF�PDWHULDOV�XQGHU�D�PDJQHWLF� ILHOG�YDULDWLRQ�ǻB in [0; 
1.5] T; (b) the first and (c) the second group of electrocaloric materials; (d) elastocaloric materials; (e) 
barocaloric materials. 
 



 
Figure 9. Temperature profiles of the ACR regenerator working with Gd under Gf= 198 kg/m2s: (a) 2D plot 
of the whole regenerator; (b) 1D plot vs x axis plot vs x-axis for some slices of the regenerator taken on y-
axis. 
 



 
Figure 10. Temperature profiles of the ACR regenerator working with PLZT downgraded under Gf = 198 
kg/m2s: (a) 2D plot of the whole regenerator; (b) 1D plot vs x axis plot vs x-axis for some slices of the 
regenerator taken on y-axis. 
 



 



 

 



 



 



 

Figure 11. ሶܳ ௥௘௙ vs mass flux IRU���D��PDJQHWRFDORULF�PDWHULDOV�XQGHU�D�PDJQHWLF� ILHOG�YDULDWLRQ�ǻB in [0; 
1.5] T; (b) the first and (c) the second group of electrocaloric materials; (d) elastocaloric materials; (e) 
barocaloric materials. 
 



 



 



 



 



 

Figure 12. COP vs mass flux IRU�� �D��PDJQHWRFDORULF�PDWHULDOV�XQGHU�D�PDJQHWLF� ILHOG�YDULDWLRQ�ǻB in [0; 
1.5] T; (b) the first and (c) the second group of electrocaloric materials; (d) elastocaloric materials; (e) 
barocaloric materials. 
 



 

Figure 13. The influence of the hysteresis in the energy performances of Cu68.13Zn15.74Al16.13 under an 
uniaxially driven field change of ǻı=0.14 GPa: (a) ¨Tspan; (b) ሶܳ ௥௘௙ and (c) COP vs mass flux. 
 

6. Conclusions 

In this paper are reported the energy performances of an Active Caloric Regenerator employing a vast 

number of solid-state caloric candidates. The investigation has been conducted by means of a 2D numerical 

model whose peculiarity is the possibility to employ refrigerants regardless to the specific nature of the 

caloric effect. Temperature span, cooling power and coefficient of performance are the indexes through 

which the comparison is carried out. The tests are performed at a fixed AMR cycle frequency (1.25 Hz), in 

the temperature range 292 ± 300 K, varying the mass flux in the range 150 - 250 kg s-1m-2. The most 

promising caloric materials that have been tested as refrigerants are: Gd, Gd5Si2Ge2, 

LaFe11.384Mn0.356Si1.26H1.52, LaFe11.05 Co0.94Si1.10 (MMs); P(VDF-TrFE-CFE)/BST polymers, 0.93PMN-

0.07PT thin film, the Pb1-3x/2LaxZr0.85Ti0.15O3 with single and variable compositions, PbTiO3, Pb0.8Ba0.2ZrO3, 

Pb0.97La 0.02(Zr0.75Sn0.18 Ti0.07)O3(ECMs); Cu68.13Zn15.74Al16.13, NiTi, PbTiO3 (eCMs); (NH4)2MoO2F4, 

MnCoGe0.99In0.01 (BCMs). From    the simulations the following conclusions can be drawn: 



(1) due mostly to the limited magnetic field obtainable by permanent magnets, MMs show the worst 

performance compared to all the other caloric materials. 'Tspan never exceed 10.5 K with a cooling 

power lower than 128W. Thus, they can be used only for small-scale refrigeration and for a limited 

number of applications. Within the MMs, the benchmark material of this technology (Gd) show the 

best performances. Gd belongs to the family of rare earth and therefore is a very expensive material. 

(2) ECMs materials show better performances. In particular the PLZT class: Pb1-3x/2LaxZr0.85Ti0.15O3 (in 

variable composition) and Pb0.97La 0.02(Zr0.75Sn0.18 Ti0.07)O3 overperform the other caloric materials. 

The best performance can be obtained with Pb0.97La 0.02(Zr0.75Sn0.18 Ti0.07)O3 that ensures 'Tspan 

greater than 40K, with a cooling load between 1010 W and 1800 W. Therefore, an electrocaloric 

refrigerator working with Pb0.97La 0.02(Zr0.75Sn0.18 Ti0.07)O3 can be applied for a broader scope of 

commercial applications.  

(3) In the class of mechanocaloric cooling (eCMs and BCMs) the performances are comparable. The 

best material of this class is NiTi, with a 'Tspan of 15K and cooling loads between 280 and 460 W. 

(4) Due to the different weight of the work associated with the variation of the driven field and to the 

influence of the hysteresis that affects the Giant caloric materials COPs of many first order transition 

materials are lower that they would be without considering hysteresis as shown as an example for 

Cu68.13Zn15.74Al16.13 with an average percentage decrease of -18%.  

(5) The best COP obtained, under our operative conditions and carried out by the introduced numerical 

investigation, are proper of Pb0.97La 0.02(Zr0.75Sn0.18 Ti0.07)O3 with a maximum value of 15. 

Therefore, from the results collected among ECM materials, Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 strongly 

overperforms the other caloric materials. Other advantages carried by the AER cycle are: electric fields very 

easy to generate; a large variation of the electric field obtainable by simply charging and discharging an EM 

capacitor; very simpleness in realizing a miniaturized refrigerator based on ECE; the chipness and the 

availabilitness of the EM materials; the wide range of temperature in which EM materials can work; an AER 

operates with little or no vibrations and with no moving parts; an AER cycle can work with energy recovery 

because of the unused electrical work may be easily recovered for subsequent cycles using an electronic 

circuitry. In conclusion, downstream of this investigation and with reference to the working condition 

imposed, electrocaloric refrigeration globally confers the most promising results. Anyhow the way to award 

it WKH�WLWOH�RI�³HQYLURQPHQWDOO\�IULHQGO\�WHFKQRORJ\�RI�WKH�IXWXUH´�LV�VWLOO�ORQJ��)XUWKHU�VWXGLHV��LQYHVWLJDWLRQV�

and tests must be performed, under an extensive set of different operative conditions in order to observe such 

technique under many different situations. 
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