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Solid-state caloric effects promise since decades a disruptive cooling technology that should be more
efficient and cleaner than current vapor compression. However, despite relevant achievements have
been made, it is still difficult to foresee the time left for the development and wide implementation
of competitive devices. Recent progress in the response of materials under hydrostatic pressure offers
hope for overcoming some of the shortcomings posed by other solid-state methods and augurs a good
outlook for barocaloric cooling, but there are still many struggles ahead to address in order to
demonstrate its viability as a commercial cooling technique. Here we briefly review the milestones
achieved in terms of barocaloric materials and discuss the pending challenges and expectations for
the oncoming years.
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HIGHLIGHTS

Barocaloric methods offer the widest range among solid-state caloric materials where to pick and
choose. However, ideal barocaloric materials do not exist and a trade-off is required; Materials with
high refrigerant capacity suffer from poor thermal conductivity and low density, and conversely.

DISCUSSION

Among reported barocaloric materials, recently identified plastic crystals appear best positioned for
a real implementation.

There is an increasing need to realize the first barocaloric proof-of-concept for this method to earn
credit as a feasible technology.

Since modern artificial cooling techniques based on vapor compression arose along the XIX century,
nearly in parallel to the formulation of classical thermodynamics, it started the search for the ideal
refrigerant. Fluids like ethyl ether, ammonia, methyl chloride, sulphur dioxide and carbon dioxide
were used in early devices but they suffered from severe drawbacks, such as high flammability,
toxicity, or low efficiency that limited a widespread use [1]. A milestone in this search took place
during the first third of the XX century when halocarbons were identified as apparently optimal
refrigerants, and dominated the market until nowadays. However, the continuous and abundant



leakage of these gases into the atmosphere due to the lack of proper maintenance and waste
management in billions of refrigerators, air conditioners and heat pumps worldwide [2] led
halocarbons to be called into question because they posed a double environmental harm: On the one
hand, the ozone-depleting potential of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs) [3] caused a hole in the ozone layer, discovered in 1985; On the other hand, the very high
heat-trapping ability of HCFCs and hydrofluorocarbons (HFCs), most of which can reach a global
warming potential (GWP) up to thousands of times that of CO», have led these fluids to currently
contribute up to 7.5% of global greenhouse emissions [4]. Moreover, cooling currently represents
almost 20% of world-electricity consumption and its demand is expected to highly increase in the
midterm mainly due to the rise of middle classes in emerging countries [4] so that the world-energy
request in summer for cooling is expected to grow more than 30-fold from 2000 to 2100 and in the
domestic sphere it will exceed that of heating by 2070 [5]. Consequently, halocarbons are since
decades in the spotlight of policies against climate change. While CFCs were already prohibited all
over the world upon 1996 following the Montreal Protocol, the production of HCFCs in USA [6] and
the EU will be prohibited since this year 2020 and in 2030 all HCFCs will be completely forbidden as a
result of the Kigali amendment to the Montreal protocol. Also, most important countries, including
USA and China, are taking action in decreasing the use of HFCs, such as R-134a and R-410a, used in
most automotive and household air conditioners, respectively, and, according to Regulation No
517/2014 [7], they shall be phased down in the EU to reach one fifth of 2014 market levels in 2030.
Additionally, current cooling devices achieve moderate to high efficiencies, of about 20-60% of the
Carnot cycle in many applications, which allows some room for improvement.

This situation makes evident why a significant amount of economic resources is being allocated towards
an improvement of environmental sustainability of future cooling. This scientific and engineering
challengeisaddressed from different approaches. On the one hand, alternative fluids with low GWP
are being proposed, such as ammonia, CO,, isobutane (R600) and related fluids, or
hydrofluoroolefins, but meeting the standards of safety or efficiency is not trivial [8]. On the other
hand, alternative techniques are investigated, being solid-state caloric effects considered amongst the
most promising [9]. Interestingly, in addition to the avoidance of harmful fluids, these methods would
offer higher efficiencies, resulting in a lower global environmental impact [10], and might lead to new
cooling applications due to unique properties that are absent in vapor compression, such as
downscalability.

Thermodynamically, caloric effects are defined following the fundamental Carnot cycle as isothermal
entropy changes AS and adiabatic temperature changes AT that undergoes a material when it is
subjected to changes in an external field. Actually, solid-state caloric effects exploit the same
fundamental principle as vapor compression: To exchange a large amount of heat, caloric effects are
usually sought near first-order phase transitions (FOPT) so that the transition is driven forth and back
cyclically by suitable external fields such as magnetic, electric or mechanic, giving rise to
magnetocaloric (MC), electrocaloric (EC), elastocaloric (uniaxial stress-driven, eC) and barocaloric
(hydrostatic pressure-driven, BC) effects, respectively. Then, following the exothermic transition the
caloric material releases the latent heat to the environment, and following the endothermic transition
the caloric material absorbs it from the target to be cooled. Therefore, the exchange of the latent heat
is controlled by means of external work done by the external field, which is appropriately applied and
removed during the cycle.

First reported experimental evidences of eC, MC and EC effects date back to 1805 [11], 1917 [12]
and 1930 [13], respectively, but it was not until few decades ago [14] when they have raised renewed
interest as alternative cooling method in widespread applications. MC, EC and eC effects have also



proven their technical viability with the completion of each proof-of-concepts. Each kind of caloric
effect exhibits specific advantages, conferring them interest for particular application segments. MC
devices have already demonstrated high efficiencies, and are noiseless [4]. EC effects are large in thin
films and are therefore promising for microscale cooling of electronic devices, where overheating,
which causes almost 50% of the failures [15], hinders the development of more compact chips. Also,
their flexibility could lead to integrated cooling in wearables [16]. eC effects show very large
temperature changes and good efficiencies, and offers opportunities in automotive applications [17].

Given the early stage [18-20] of research and development of BC materials and methods, it is difficult
to establish a clear mid-term future for this field. Notwithstanding, a few clues can be identified. The
possibility of using material in form of powder circumvents the mechanical or electrical breakdown
suffered by many materials when subjected to relatively large external fields along millions of cycles
as required in devices. Solutions such as multilayer thin film capacitors for EC still need
improvements to increase the breakdown fields [21], and the fabrication processes make it difficult large
scale applications. MC composites made of epoxy- or polymer-bounded magnetic particles [22]
compromise the heat transfer and thermal mass of the composites [23]. On the other hand, the range of
suitable giant BC compounds surpasses that of MC and EC materials: Best MC materials are based
on rare-earth elements or gadolinium, which are inappropriate for large scale commercialization due to
geopolitical reasons [4], whereas best EC materials contain lead [24], whose toxicity is stimulating
research in finding lead-free alternatives [25]. As for eC effects, theoretically the range of eC
materials is the largest among caloric effects because any lattice deformation may be sensitive to a
uniaxial stress, but in practice most materials undergo strong fatigue and fracture under repetitive
tensile loading across a FOPT. Consequently, although compressive loading promises fatigue-
resistant operation [26], most promising eC materials are actually restricted to shape memory alloys
and polymers [27]. Instead, giant BC effects have been reported in a very extensive and diverse range
of materials, as it has been summarized in Table I, along with their thermodynamic and BC properties.
While we cannot ensure the list to be comprehensive, we can state that it gathers the vast majority of
materials studied experimentally so far. Notice that more than half of the listed materials have been
published upon 2018, which indicates the youth and current rapid growth of this field.

Nevertheless, despite the theoretically large number of potential candidates, finding really good
materials is an arduous task, as it was well described in Ref. [28]. On the one hand, both AS and AT
are sought to be large, because TAS is the heat exchanged isothermally at a temperature 7 and AT
needs to be large to enable thermal equilibrium with the cold end at a desired temperature below the
thermal bath. Usually, at FOPTs, AS is mostly contributed by the transition entropy change AS;
whereas AT is inverse to the heat capacity C,, and mostly related to the pressure sensitivity of the
transition temperature d7/dp, which according to the Clausius-Clapeyron equation dT /dp =
AV /AS; (where AV, is the volume change at the transition). Therefore, good indicators of giant BC
materials are large latent heat, AH; = TAS;, and large AV; to compensate the large AS; and thus obtain
large d7/dp that will result in a larger AT at low pressures. Also, transition temperatures should of
course lie close to the operational temperature range required for a given application. On the other
hand, thermal hysteresis (and also large transition widths mostly related to athermal behavior in alloys
[29]) in FOPTs may prevent the system from recovering the initial state after completing a cycle.
Overcoming this obstacle introduces a minimum pressure threshold required to obtain reversible BC
effects, prev, which leads to an excess input work and, hence, a subsequent decrease of performance.
Therefore, transitions with small hysteresis (and small transition widths) are highly preferable. In
addition to AS and AT, another parameter to assess and compare the suitability of caloric materials is
the Refrigerant Capacity (RC) or Relative Cooling Power (RCP) [30]. These two quantities account
for the area below the peak that is usually displayed by AS vs. T associated with FOPTs, and are
ambiguously defined in literature as [ ASAT or ASmax x [Full Width at Half Maximum], where the
Full Width at Half Maximum is the peak width in temperature at half of the peak maximum. In any
case, both RC and RCP refer to the amount of heat that can be transferred between cold and hot



reservoirs in a cycle. However, these quantities do not take into account the input work needed to drive
the cycle and therefore a complementary useful parameter is the Coefficient of Refrigeration
Performance (CRP), which can be approximately calculated for BC effects as CRP = (AS X AT,.,,)/
(pAV:/2) [31] (AT, refers to the reversible adiabatic temperature changes).

Last but not least, additional features that caloric materials should fulfill to be suitable for competitive
applications, also include high thermal conductivity, large density, nontoxicity and economic and
geopolitical availability of the raw materials. As if that was not enough, some of the aforementioned
desired features are detrimental to others, and therefore finding a compromise is the only possible
way. A significant example concerns dynamic disorder in crystals. As a source of entropy, materials
undergoing order-disorder transitions have been attracted particular interest because the increase in
the number of accessible configurations from N, to N; occurring across the transition contributes to a
specific entropy change RM 'log(Ni/N,), that in some cases may reach very large values.
Unfortunately, dynamic disorder usually goes against thermal conductivity [32] and density, so it
seems hard to foresee an ideal material gathering all the aforementioned properties at the same time.
Therefore, a trade-off between opposing features must be reached. In this respect, solutions for heat
transfer enhancement in low thermal conducting materials have been proposed, and mainly consist
of increasing the contact area by means of, for instance, adding highly conductive nanostructures,
such as nanoparticles, nanolayers or vapor grown carbon fibers [33], or introducing the material into
highly conductive nanoporous matrices [24,34]. While these strategies have yielded good results,
they are detrimental for the energy density of the resulting composites.

BC effects near FOPTs for solid-state cooling were boosted a decade ago with a MC material
undergoing amagnetostructural transformation [20], where the non- isochoric character of the transition
hinted at the possibility of driving caloric effects using pressure. Since then, a number of metallic
alloys including Heusler alloys [35-38], manganites [39-42] and others [43,44]have been studied, across
either ferromagnetic or metamagnetic transitions involving a diversity of magnetic behavior such as,
for instance, noncollinear magnetism resulting from geometrical frustration caused by
antiferromagnetic interactions [39,41]. While many of them show small BC effects, in the last years
AS of ~60 J K" kg™! and AT ~ 10 K under few kbar have been reported. Despite these materials
usually show modest values for AT and relatively high hysteresis, they are also appealing because
they enjoy arelatively high density [27]and thermal conductivity (Gd,SisGes: x=5.64 Wm™ ' K ™' [45];
La-Fe-Co-Si: x=7 Wm ' K! [45]; Nix>MnGa: x ~16 Wm ' K ™' [46]; Ni-Mn-In: x ~5-13 Wm!
K™ [47]; MnCoGe/MnNiGe: « ~ 5-6 / 7-10 W m ™' K! [48], FesRhs;: « = 7.1 Wm ' K';
NigssFeo15S: = 11.5 W m™' K™' [45]). However, best metallic barocaloric materials in terms of AS
and AT are Mn-based alloys, and this element exhibits the lowest thermal conductivity amongst all
metals and almost two orders of magnitude lower than typical values. Another advantage lies in their
multiferroic character which makes them suitable for multicaloric applications [49,50], where
magnetic and mechanical fields are applied simultaneously or sequentially. Also, variations in
composition, via doping or alloying with other elements, offer opportunities to tune their physical
properties such as operational temperatures or improved phase transition properties [35,36,45].

Chemical flexibility is particularly outstanding in metalorganic complexes, where the almost unlimited
combinations open routes to an extremely large number of compounds and, so, to find systems with
specific properties. These compounds are gaining prominence in many areas of materials science and
recently have been also proposed as promising BC agents. There, the cage-bridge structure consisting
of a central metallic atom surrounded by organic or inorganic ligands, allows huge volume changes at
phase transitions which, accompanied by giant but not colossal transition entropy changes, yields
extremely high sensitivity of the transition to pressure (as mandated by the Clausius-Clapeyron



equation). In particular, typical dT/dp values lie in the range 100-200 K GPa™" (despite values of up to
~400 K GPa™ have been reached [51]) that may lead to large AT at very low pressure changes, which may
result in very good cooling performance. Examples include hybrid organic-inorganic perovskites
(HOIPs) [51-55] and spin-crossover (SCO) transitions [56—59]. In HOIPs, giant transition entropy
changes emerge basically due to positional and rotational disorder. For instance, in [TPrA][Mn(dca);]
[51] (TPrA=tetrapropylammonium cation, (CH3;CH,CH,)sN", dca=dicyanamide anion, [N(CN)2] "),
the disordering in the C atoms of the TPrA- pending propyl groups and in the N and C atoms of the
dca ligands that arise at the transition yields N/N;~ 10.3, which results in a transition entropy change
AS; ~ 425 T K ' kg!. An extensive list of HOIPs has also been provided as potential good BC
candidates [55]. In the SCO complex [Crl(depe).] [58], the transition entropy change is mostly
contributed by phonons, whereas the large change in the local magnetic moment ASia, = ksIn[(2Sus +
1)/A2S1s + 1)] is secondary. A shortcoming for these compounds is the very low thermal conductivity
[60] due to the porous structure, H bridges and disorder. Actually, single crystals can reach moderate
(x ~0.1-0.4 Wm ' K ' [61,62]) or even notable values (x ~ 1.3 W m™' K™! [63]). However, the use
of single crystals in BC cooling applications is difficult to foresee because large single crystals of
metal complexes are difficult to grow and powderization is expected upon cyclic pressurization-
depressurization, and powder exhibits much smaller thermal conductivity (x < 0.1 W m™' K™)
[62,64].

Ferroelectric materials are also potential BC candidates due to large volume changes and disorder of
ions associated with the ferroelectric transition. Forinstance, the release of occupational and rotational
disorder of the three ions in ferrielectric ammonium sulphate yields Ni/N, = 8, consistent with an
entropy increase of ~130 J K™' kg™'. Half of this entropy change occur across an abrupt FOPT that
enables giant BC effects of AS ~ 60 J K™' kg™! at low pressures of 0.1 GPa [65]. In PbTiO;, the
experimental value for the transition entropy change is too large to account for a displacive phase
transition and thus reveals the order-disorder character of the transition [66], which is associated with
6 possible positions in <001> directions for Pb atoms in the paraelectric phase. Nonetheless, the value
is still too small to indicate a full ordering of the Pb positions so that in the ferroelectric tetragonal
phase Pb atoms should still exhibit some disorder. Ferroelectric materials usually show values for the
thermal conductivity that, while lower than metallic alloys, ((NH4)2SO4: © ~ 0.8 W m™' K™' [67];
BaTiOs: x~0.6 Wm ' K™'; PbTiOs: k~5 10 W m ™! K' [68]) are larger than in metal complexes.

Similarly to ammonium sulphate, giant BC effects reported in ferroelastic fluorides have been
associated with the positional disorder in the atomic cations and/or orientational order-disorder of
ammonium tetrahedra cations, and of the anionic octahedra counterparts [69-71]. To the best
knowledge of the authors, no values for thermal conductivity are known for these compounds.

In the superionic conductor Agl, the abrupt increase in the ionic conductivity occurring across the
endothermic transition is caused because asignificant volume contraction of the lattice enables a strong
positional disorder of Ag" ions, that can hop among 12 different sites. Therefore, in this case N1/N, =
12 is obtained, rendering RM ' log(N1/N>) ~ 88 J K™ kg '. In this case, the volume contraction most
likely contributes negatively to the transition entropy change, which is consistent with transition
entropy changes of AS, ~ 70 J K™ kg™' [72]. Regarding the thermal conductivity for Agl, x ~ 0.2 W
m~' K" in the ordered phase close to the phase transition, which decreases down to 0.15 because the
ionic mobility does not carry heat but interrupts the phonon propagation [73], cutting off the phonon
mean free path. Large BC effects have also been predicted in the superionic phases of LisN [74] and
CuzSe [75] away from the phase transition, where the application of pressure causes large changes in
the superionic conductivity.



Graphene [76] and polymers have also shown giant BC effects in the absence of phase transitions. In
the latter case, large entropy changes originate from the rearrangement of chains. Polymers are also
affected by low densities and low thermal conductivity (e.g. ¥ ~ 0.13 W m™' K™' for vulcanized
natural rubber [77]).

Finally, a breakthrough has recently been made with the detection of colossal BC effects in plastic
crystals [78-81], that can reach several hundreds of J K™' kg™, wich are comparable to those shown
by the HFC R-134a. These values originate in the fact that the orientational order of the constituents
is lost across a first-order phase transition, typically yielding an enormous latent heat. In the case of
neopentylglycol [(CH3).C(CH>OH),], for instance, a large number of possible molecular orientations
in the plastic phase renders Ni/N> = 60, being the main cause for BC effects of about 450 J K™' kg™
at p ~ 0.3 GPa [79]. Similar BC effects have been reported in PG [(CH3)C(CH2OH)s], also emerging
mainly from the 110 different molecular configurations allowed in the plastic phase [80]. The
limitations for the applicability of these compounds are the low density, relatively large hysteresis
and low thermal conductivities caused by the strong disorder in plastic crystals (for NPG, x ~ 0.11-
0.37 Wm ' K ™' [82-85], for PG x ~ 0.23-0.36 W m' K' [82,86]). In these materials, improvements
of thermal conductivity and reduction of hysteresis have been investigated for thermal energy storage
applications, such as embedding of NPG in porous graphite matrices, or introducing graphene
nanoplatelets in PG [87].

As an overiew, Table II provides an orientative averaged assessment of some BC features for some
material families, which reflects that no ideal BC compounds exist. Probably, as it occurs with
halocarbon fluids used in current cooling devices, different choices for future BC technologies will be
made depending on the specific application and apparatus.

It is thus clear that this last decade has experienced continuous new findings and record breakings in
BC materials. Now, while there is still room to thrive in this field, materials research should be
supported by engineers to develop a proof-of-concept that hopefully transfers this promise to real
technology. First steps have been done to address this major challenge [108,109]so that we look forward
to seeing relevant advances in the near future. Moreover, applied research in barocaloric technology
will give a realistic insight on several aspects of performance that are now only suppositions. For
instance, what pressures are realizable in terms of safety and cost. For its characteristics, BC cooling
methods offers all kind of applications including household and large-scale commercial refrigeration
and air conditioning and electronics. Moreover, looking at other caloric effects [4,110], technology
based on BC effects could be conceived for other energy-related applications. Forinstance, for energy
harvesting and power generation, waste heat from other hot sources could be used to drive an
endothermic phase transition at constant volume, leading to a pressure increase that could be
converted into mechanical energy at will by means of a piston. Also, high-temperature barocaloric
materials could find applications for heat pumping in industry.

As far as we can see, although important steps still have to be accomplished towards applicability to
earn credit as a real clean and cost-effective alternative, in the light of recent progress and ongoing
research, barocaloric methods hold great promise in the midterm.
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TABLE I. Barocaloric properties in giant barocaloric materials. Transition temperatures T, and dependence of T on pressure,
dT/dp, correspond to heating data for pure compounds whereas they have been averaged over heating and cooling data for
martensitic alloys. Data for BC effects AS and AT in brackets are irreversible data. Pressure p refers to the value for which
AS, AT, CRP and RC were obtained.

Material T dT/dp AV, hyst. AT AS AS CRP RC P Ref.
K K GPa! 10°m’kg! K K JK'kg! JK!cm? kIkg'  GPa
Magnetostructural

Gd,SisGes 260 35 1.33 5 (1.1) 6.2 0.047 - 0.025 0.20 [88]
LaFe;;33C0047S112, 250 -94 1.39 - 2.2) 8.7 0.062 - (0.18) 0.20 [89]
Nigo26Mnizg0slniges 293 18 0.61 10 4.5) 10 0.082 - (0.12) 0.25 [20]
Niy 02Mn, 3610062 346 18.3 0.61 4 4) 10 0.082 - 0.046 0.25 [35]
Nij.0sMn; 30Ing,65 330 16.5 0.61 6 4) 5 0.041 - 0.015 0.25 [35]
Nij9oMn 3710964 329 19.5 0.61 4 4) 6 0.049 - 0.026 0.25 [35]
Nij 9oMny 3400 67 306 13.7 0.61 3 2) 4 0.033 - 0.009 0.20 [35]
Nip00Mny 321N 65 275 18.8 0.61 5 3) 4 0.033 - 0.018 0.25 [35]
Nig;3C074Mn305Gajgs 403 2.6 0.4 15 - (12) (0.096) - (0.13) 0.25 [90]
[Nigy7Cog g7Mn3) 67

Gaygoslng o] 417 2.7 0.6 13 - a7 0.136) - (0.20) 0.25 [90]
[Nis22Cog4Mns 3

Gayslny ] 485 2.7 0.6 13 - 17) (0.136) - (0.195) 0.25 [90]
Nisg3Mny7,Gagge 318 4 0.064 11 (2.8) (13.6) - - (0.056) 1.05 [91]
NisoMns; sTijg s 249 2.6 1.9 12 3.7 35 0.246 ~0.8 0.294 0.38 [37]
NizssCo14sMnssTiys 291 50 2.3 7 2.3 8.5 0.059 0.48 0.022 0.1 [92]
Nigg6CossMnysslnjgs 272 44 0.70 19 6) (15.6) 0.126) - 0.247 0.6 [93]
Ni42.3C07.9MIl3glgsIl1| 0 327 47 1.32 17 5 15 0.121 0.28 0.398 0.62 [94]
FesRhs; 310 60 1.0 10 5 12 0.12 0.50 0.2) 0.25 [43,44]
MnCoGey.99lng o1 310 =77 -4.91 8 9.4) (52) (0.41) - (1.4) 0.30 [40]
MnCoGeBy.03 286 -100 -5.0 10 12.5 30 0.25 0.7 0.48 0.26 [42]
Mn;GaN 290 -65 -1.43 - (4.8) (21.6) (0.15) - (0.125)  0.093 [39]
Mn;NiN 262 -14 0.58 8 (3.5) (3%5) (0.24) - (0.15) 0.28 [41]
MnNiSipFeCoGepss 338 -75 ~3.5 10 (16) 57 0.42 - (1.5) 0.27 [95]
MnNiSip s FeCoGegso 311 -70 3.6 4 6 44 0.31 0.67 0.39 0.26 [36]
MnNiSip gFeCoGepso 280 -73 3.9 12 4 47 0.33 0.48 0.17 0.23 [36]
MnNiSig soFeCoGegq, 247 -75 3.7 14 1.8 24 0.17 0.17 0.17 0.23 [36]
CosoFey sV 5Gayg 277 25 0.85 10 6 31 - 0.93 0.32 0.5 [38]
NigosFeoosS 274 -75 2.95 12.1 9.2) (39.6) 0.214) - (0.387) 0.1 [45]
Nips7sFeo.125S 294 -75 3.36 14.0 9.2) (49.5) 0.267) - (0.483) 0.1 [45]
NiggsFeo1sS 303 -75 3.19 11.5 (8.3) (52.8) (0.285) - (0.448) 0.1 [45]
Nigs25Feo.175S 318 -75 3.24 19.6 (10.7) (46.8) (0.253) - (0.527) 0.1 [45]

Ferroelastic fluorides and oxyfluorides

Rb,KTiOF;5 215 110 4.69 - (16.5) (46) 0.118) - (2.602) 0.5 [69]
(NH,4),NbOFs 220,260 45 2.07,4.83 - (16) (100) (0.145) - (7.054) 1.0 [69]
(NH4):MoO,F, 270 93 0.78 - (12) (50) (0.144) - (3.55) 0.5 [70]
(NH4),WO,F4 201 13 1.12 - (12.6) (50.3) (0.180) - (2.147) 09 [70]
(NH,4),SnFg 110 -157 3.48 0.5 (a1 61) 0.175) - (0.95) 0.10 [71]
K,TaF; 486.2 220 -9.23 37 (20) (36) (0.140) - (1.46) 0.20 [96]
Ferroelectrics
PbTiOs 763 -140 0.46 15 (-1.9) 2.7) (0.024) - (0.043)  0.026 [66]
(NH4)2SO4 220 -51 2.9 4 9.4 58 0.1 1.49 0.63 0.25 [65]
BaTiO; 400 -56 0.19 4 4 1.47 0.0088  0.67 0.012 0.10 [97]
NH;HSO, 160 -123 8.04 - (-10) (60) (0.106) - (0.750) 0.10 [98]

Superionic conductors

Agl 420 -135 7.4 25 18 60 0.33 1.17 1.1 0.25 [72]
LizN* 300 - - ~0 ~2.8 32 0.041 - - 1 [74]



Cu,Se* 400-700 - - ~0 ~10 ~15-45  ~0.11-0.32 - 1 [75]

Hybrid organic-inorganic perovskites

[TPrA]Mn[dcal; 330 231 10 0.9 4.1 30.5 0.046 3.51 0.054 0.007 [51]
[TPrA]Cd[dca]s 385 382 5.3 3 1.4 11.5 0.0087  0.87 0.015 0.007 [52]
(CH;),NH,Mg(HCOO); 263 -43 228 0-2 8.1) (39.9) 0.063) - (0.335)  0.206 [53]
[(CH;):N]Mn[N;]; 305 120 9.4 ~7 - 70 0.11 - 0.28 0.09 [54]
Spin Crossovers
[Fe(pzt)s](PF6), 74 290 16.44 ~0 27 (46) (~0.070) - (1.380) 0.1 [99]
[Fe(hyptrz);]A, H,O 273 332 - ~0 10) (56) - - (1.223) 0.09 [100]
[Fe(phen),(NCS),] 170 170-440 33 0.3 an (78) 0.129) - (2.950) 0.1 [101,102]
[FeL,][BFa], 260 100-200 15.33 4 6 - - - - 0.10 [57]
[CrLL][(depe).] 168.5 520 28.6 - (10.6) (40) - - (0.3583) 0.20 [58]
Polymers

PVDF-TrFE-CTFE 368 - - - 18.6 (120) (0.22) - - 0.2 [103]
VNR rubber 300 - - - 11 - - - - 0.173  [104]
PDMS rubber 283 - - - 28 (150) 0.155) - - 0.39 [105]
[Nitrile Butadiene

Rubber] 314 - - - 16.4 59 0.082 - 2.7 0.39 [106]
[Acetoxy Silicone

Rubber] 250 270 - 14 21 182 0.175 - 13.3 0.173  [107]

Plastic crystals

(CH;),C(CH,0H), 315 103 46 ~24 75 421 0448  0.60 2.8 0.25 [79]
(CH;)C(CH,OH); 354 86 38 ~12 10 490 0602  1.07 49 0.24 [80]
(CH3);C(CH,0H) 232 170 455 ~40 16 293 0238  0.87 2.0 0.26 [80]
(NH,)C(CH,OH); 4068 26 419 ~80 (8) (600)  (0.792) - (5.5) 0.25 [80]
(NH,)(CH;)C(CH,OH), 352.7 75 48.1 ~55 (15) (690)  (0.837) - (10.9) 025 [80]
Coo 257 170 46 3 9.7 30 0051 135 0.50 0.10 [81]



TABLE II. Barocaloric performance of different features on average for some families of materials. * = Poor. ** =

Fair. *** = Good. **** = Excellent.

Material family AS | AT |Reversibility| Pressure | Thermal conductivity | Density| Cost & availability
Magnetostructural K% X X% ¥ *k k% Kkkk Kk
Ferroelastic fluorides and oxyfluorides| % | %x k% K%k K% Kk EET T
Ferroelectrics %k | oKk Kok Kok * %k *% %ok K%Kk
Superionic conductor k% | kx %% x% K% Kk %k *%
Hybrid organic-inorganic perovskites | % | k%% Kokkk Ko%Kk % % *%
Spin Crossovers Kk | kokk Kok k Kok % % %% %%
Polymers $%0k | k%% Kk E3 %% * K%k x
Plastic crystals Kokokk | Kokokk x5k K% K% * Kokkk
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