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Elastocaloric cooling offers a solid-state alternative to conventional vapor-compression systems by leveraging stress-
induced phase transitions in materials like shape-memory alloys (SMAs). This review comprehensively analyzes the de-
velopment and performance of elastocaloric cooling systems to date. We explain the thermodynamic mechanisms and
material requirements, emphasizing challenges such as low latent heat and fatigue life. Subsequently, we categorize and
compare thermal contact and heat-transfer-fluid (HTF)-based prototypes, discussing their achievements in temperature span
and cooling power. The technical maturity of elastocaloric cooling systems is not comparable to that of commercial vapor-
compression systems yet in terms of coefficient of performance (COP) and practicality. We further explore innovative
approaches like work recovery, modular design, and novel loading modes (e.g., torsion) to bridge application gaps. The
review concludes that elastocaloric cooling holds promise for sustainable refrigeration, though material fatigue, system
COP, and heat transfer efficiency remain critical bottlenecks for future research.

Keywords: solid-state refrigeration, caloric cooling, elastocaloric cooling, shape-memory alloys, prototype

development
PACS: 75.30.Sg, 65.40.G—, 44.27.+g, 44.10.+i
DOI: 10.1088/1674-1056/ae3692

1. Introduction

Cooling accounts for approximately 20% of global en-
ergy consumption and is recognized as one of the seven
critical technologies to watch by 2025.21 Notably, the
World Economic Forum listed elastocaloric cooling among
the Top 10 Emerging Technologies of 2024 to address global
challenges.[®! This solid-state cooling exploits the latent heat
induced by stress in materials such as shape-memory alloys
(SMAs) and polymers.
stress drives a phase transformation from high-entropy austen-

Specifically, applying mechanical

ite to low-entropy martensite, releasing latent heat and in-
creasing temperature. Conversely, upon stress removal, the
reverse transformation absorbs heat, leading to a temperature
drop that enables cooling.[* This mechanism embodies a di-
rect and nominally reversible solid-state energy conversion be-
tween mechanical work and heat.

Elastocaloric cooling produces zero direct emissions,
aligning with the demand for environmentally friendly
development.’! Tt is one of the so-called caloric cool-
ing technologies, which utilize phase transitions driven
by different external fields, including magnetocaloric,[6-8]
electrocaloric,'3! and mechanocaloric.!'*'1% Among these
solid-state alternatives, elastocaloric cooling is particularly
promising due to its large cooling power density and wide tem-
perature span.[!”] However, the performance of current elas-
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tocaloric cooling prototypes is constrained by limited material
energy density and heat transfer efficiency, leading to a coef-
ficient of performance (COP) that still trails that of traditional
vapor-compression systems. This gap currently necessitates
higher electrical energy input. Nevertheless, with the accel-

18] and advances

erating integration of clean energy sources
in power generation such as controlled nuclear fusion,!'”! fu-
ture electricity grids are expected to become largely decar-
bonized. In this context, the inherent recyclability of elas-
tocaloric materials!*’! promises a truly sustainable, emission-
free refrigeration solution over its full life cycle.

The realization of this potential is currently hampered by
material limitations. Ideal elastocaloric materials should si-
multaneously exhibit large latent heat, low hysteresis, long fa-
tigue life, high thermal conductivity, and low driving stress.
However, existing materials, primarily SMAs, struggle to meet
all these criteria concurrently. For instance, the gravimetric
latent heat of typical elastocaloric materials rarely exceeds
35 J.g~ 1,211 which is still lower than the 173.2 J-.g~! of the

a,[22] despite the

common vapor-compression refrigerant R134
fact that their volumetric latent heat is similar. Furthermore,
a trade-off often exists between latent heat and hysteresis; al-
loys achieving low hysteresis (e.g., Au—Cu—Zn!?) typically
exhibit modest latent heat.

Additionally, commercial materials like binary Ni-Ti
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alloys require high driving stresses (400-600 MPa) to in-
duce a relatively small transformation strain (~ 5%), neces-
sitating actuators capable of “high force output with small
displacement”.[** This requirement often leads to bulky
and oversized actuators, increasing system mass and driving
losses. Although new materials like Ni-Fe—Ga show potential
for sub-100 MPa driving stresses,>>~%7] they have not been
implemented in any elastocaloric cooling system yet.

The concept of elastocaloric cooling technology was
first proposed in 2002. After theoretical and experimental

(28] the first prototype was established in 2015.1%!

validation,
This technology has evolved along two primary paths. The
first focuses on thermal contact-based devices that leverage
direct heat conduction between the solid refrigerants and heat
sources/sinks.*% To compensate for limited thermal conduc-
tivity, the elastocaloric materials in these systems are often
fabricated into thin plates or fine wires, which inherently re-
stricts the total refrigerant mass. Consequently, while contact-
based prototypes can achieve appreciable temperature spans,
their cooling power remains relatively low. Their key ad-
vantages lie in high reliability, low noise, and minimal vibra-
tion, making them suitable for specialized applications such as
aerospace electronics cooling, 3! rather than for conventional
domestic appliances. The second pathway incorporates heat
transfer fluids (HTFs) into the system.[3?]

Leveraging the good mechanical strength of elastocaloric
materials, these materials can be engineered into effi-
cient fluid-solid heat exchangers (regenerators).!333* Uti-
lizing forced convection, these HTF-based prototypes have
achieved a maximum temperature span of 75 K,[* meeting
the demands for applications like air conditioning and heat
pumps. 3% Despite rapid progress toward commercial viabil-
ity, challenges such as oversized actuators, low system COP,
and high cost persist.

In this concise review, we elaborate on the fundamental
mechanisms, material properties, and recent advancements in
elastocaloric cooling systems. Section 2 discusses the thermo-
dynamic mechanisms and material realization of elastocaloric
effects. Section 3 reviews the development of thermal contact-
based and HTF-based prototypes, introducing their key fea-
tures and performance highlights. Section 4 examines the per-
formance gaps towards practical applications and discusses in-
novative solutions aimed at overcoming these challenges. Fi-
nally, we conclude with an outlook on the future development
of this promising technology.

2. Elastocaloric materials
2.1. Phase transition

Elastocaloric materials form the cornerstone of elas-
tocaloric cooling technology, with SMAs and shape memory

polymers (e.g., natural rubber) being the primary candidates.
While polymers can achieve an adiabatic temperature change
of approximately 10 K under a low driving stress (< 50 MPa),
their limited fatigue life and low thermal conductivity have

[37-391 Consequently, the main-

impeded progress in this area.
stream development of elastocaloric cooling remains centered
on SMAs, particularly commercial binary Ni-Ti and Ni-Ti-
based alloys.

A cooling device operates on the principle of the second
law of thermodynamics, expending energy to pump heat from
a low-temperature source to a high-temperature sink. Contin-
uous refrigeration is achieved by implementing a thermody-
namic cycle. As depicted in Figs. 1(a) and 1(b), the basic cycle
for elastocaloric materials comprises four fundamental steps.
(1) Loading process: external stress induces a phase transfor-
mation (e.g., austenite to martensite in Ni—Ti alloys), releasing
latent heat and causing a temperature rise. (2) Exothermic pro-
cess: while stress/strain is maintained, heat is rejected to a heat
sink, returning the material to its initial temperature. (3) Un-
loading process: removal of the external stress allows the ma-
terial to revert to its initial phase, absorbing latent heat and
resulting in a temperature drop. (4) Endothermic process: the
cooled material absorbs heat from the heat source, thereby pro-
viding the cooling effect. These four processes utilize the re-
versible phase transition of the elastocaloric material to trans-
fer energy from the cold side to the hot side. The fundamental
cost of this cycle is the driving work required during the load-
ing process. The relaxation time of the material’s deforma-
tion (~ 1072 s) is significantly shorter than the characteristic
time constant of heat transfer (> 107! s).[*01 This temporal
disparity necessitates the separation of the loading/unloading
process from the exothermic/endothermic process within the
cycle.

The elastocaloric effect originates from a first-order re-
versible phase transition. The latent heat, fundamental to
this effect, stems from the entropy difference between phases,
such as martensite and austenite in SMAs. This relation-
ship is quantitatively described by the Clausius—Clapeyron

do pAs
= =_£= 1
(dT>SMA &M M

This equation characterizes the temperature dependence of

equation!#!]

the phase transformation stress, defining the constitutive be-
haviour of the martensitic transformation. Here, p is the mate-
rial density (kg:m~?), As is the entropy change (J-)kg~!-K™1),
and &y is the transformation strain. To maximize the cooling
capacity per cycle, elastocaloric materials must exhibit a large
entropy change, corresponding to a high latent heat.
Constitutive modelling of elastocaloric materials gener-
ally follows two approaches: one establishes phenomenolog-
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ical relationships based on microstructural features or experi-
mental data;[#>*3] the other derives the intrinsic material be-
haviour from a thermodynamic perspective by formulating a
free energy function and incorporating dissipation potentials
consistent with the second law of thermodynamics. Models
adhering to thermodynamic principles are often interrelated
despite differing methodologies. The free energy curves for
different phases in a SMA can be schematically represented as
in Fig. 1(c), where AGA*™M denotes the Gibbs free energy bar-
rier for martensite nucleation, and represents the approximate
thermodynamic equilibrium temperature, To = (Twis + Tas) /2.
The total Gibbs free energy change during phase transition is
given by

AG = AG, + AGs + AGe = AG; + AGyc. 2)

Here, AG. represents the chemical energy change during the
phase transition, AG denotes the interfacial free energy, AG,
corresponds to the elastic energy term, and AGy, is the sum
of non-chemical energy terms. SMAs require an undercool-
ing or superheating temperature to facilitate the nucleation of
martensite or austenite within the material. When the driving
force applied to the material is sufficiently large, the influence
of the stress field on SMAs becomes the dominant factor. In
such cases, the entropy change during the phase transition can
be described by Eq. (1). During the reversible phase transition
of elastocaloric materials, irreversible entropy generation oc-
curs due to intergranular friction in the phase transition process
of shape memory alloys. This entropy generation is influenced
by factors such as material composition, fatigue life, and oper-
ating conditions. The irreversibility of the phase transition is
also reflected in the characteristic of phase transformation hys-
teresis: at the same temperature, the stress required for austen-
ite transformation is higher than that for martensite transfor-
mation. A larger phase transformation hysteresis corresponds
to greater irreversible losses and a shorter fatigue life of the

1.146] Therefore, ideal elastocaloric refrigerants should

materia
possess as low a phase transformation hysteresis as possible,
along with a high latent heat of phase transition.

The thermodynamic behavior of SMAs in elastocaloric
cooling devices can be described by models such as the
Miiller—Achenbach—Seelecke model.*7*°1 Consistent with
Eq. (2), the key energy contributions are the chemical potential
and the non-chemical (elastic) potential. The potential ener-
gies of the martensite and austenite phases can be expressed by
Egs. (3) and (4), respectively. In these equations, the first term
on the right-hand side represents the elastic potential, while
the second term, 3, denotes the chemical potential. Here, M+
and M refer to the phase fractions transformed under tensile
and compressive stresses, respectively.

=

Py (e,T) = —* (eFer)” +Pu(T), 3)

E
=€ BA(T). )

The phase evolution in an elastocaloric cycle can be delineated

@A(S,T) =

into six sequential stages: elastic loading of austenite, stress-
induced austenite-to-martensite transformation, fully marten-
sitic state, elastic unloading of martensite, reverse martensite-
to-austenite transformation, and final unloading of austenite.
The work due to volumetric changes is represented by the
stress-strain term, leading to the relationship between Gibbs
free energy (G) and Helmholtz free energy (¥). Analyzing
these six stages allows the derivation of the transformation
stress—temperature correlations, as shown below: 3011

G(o,e,T)=Y¥(T)—o¢, 5)
oam (T) = EA(T)ya(T), (©)
oma (T) = Em(T)(Ya (T) — €r). @)

Here, E and y represent the nodal values at different stages of
the cycle, specifically, the elastic modulus and strain nodes at
unstable states as detailed in Ref. [52].

Alternatively, a linearized form describing the transfor-
mation stress versus temperature can be obtained directly from
the Clausius—Clapeyron relation (Eq. (1))

Gup (T) = Cgp (T) + Cop (T — Trer), ®)

where o and f denote the austenite and martensite phases,
respectively. The first term on the right-hand side represents
the transformation stress at the reference temperature T.r. The
coefficient Cyp is the reciprocal value derived from Eq. (1).

(a) (b)

Loading TA  Exothermal Stress

~

A-M

Elastic
unloading (M)

L

Stress Stress M-A
'+“+”+ 8 ;z > 2 > ‘;;;E}% Heat Sink
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Fig. 1. Material state variation during the elastocaloric cooling cycle.

(a) Variations in temperature, stress, and phase composition of the material
(refer to Ref. [53]). (b) The stress—strain curves of the material during elas-
tocaloric cooling cycle. (c) Gibbs free energy curves of austenite—martensite
phases in elastocaloric materials (refer to Ref. [41]).

2.2. Materials performance

The practical application of elastocaloric cooling in in-
dustrial systems imposes stringent requirements on material
properties. Ideal elastocaloric materials must simultaneously
exhibit large latent heat, low hysteresis, high yield stress, good

t.130! Furthermore, since

ductility, long fatigue life, and low cos
these materials are engineered into heat exchangers (regener-

ators) to enable efficient heat transfer, low phase transition
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stress and high thermal conductivity are also critical for en-
hancing the stability and overall performance of the heat ex-
change unit.

A large latent heat of phase transition is the funda-
mental requirement for achieving substantial cooling capac-
ity. Although latent heat values vary among different SMAs,

they generally struggle to exceed 35 J-g~!

. Moreover, some
large latent-heat materials require very high stress at near-
room temperature.>!) Figure 2(a) presents the latent heat and
martensitic/austenitic transformation temperatures of several
typical shape memory alloys. The latent heat originates from
the difference in Gibbs free energy between the parent phases
and the product transition. Once the primary elements of
an alloy are determined, its fundamental electronic structure
and chemical bonding characteristics become relatively fixed.
Consequently, compositional adjustments typically yield only
a continuous, smooth variation in latent heat rather than a dis-
continuous jump, with limited impact on the total energy of
the system. Therefore, achieving a breakthrough in the latent
heat of existing materials is exceedingly challenging without
the discovery of entirely new material systems.

Besides latent heat, fatigue life is the most critical fac-
tor for practical applications. Household refrigeration systems
operate for up to 4380 hours annually.’* Assuming a typi-
cal operating frequency of 1 Hz for an elastocaloric cooling
device, the annual cycle count would exceed 15 million. For-
tunately, advanced SMAs can achieve stable operation for over
10 million cycles,5>>7 as shown in Fig. 2(b). System-level
strategies, such as parallel design with multiple units operat-
ing collectively, can reduce the duty cycle of individual com-
ponents, thereby extending the overall system service life. In
summary, while the fatigue performance of existing materi-
als is adequate for the prototype stage, further improvements
at both the material and device design levels are essential for
long-term continuous operation.

Another challenge at the device level is the oversized
actuator. The high phase transition stress of elastocaloric
materials (e.g., for Ni-Ti, > 800 MPa in compression and
> 500 MPa in tension, as shown in Fig. 2(c)), and their small
strain (~ 5%) necessitate actuators capable of delivering high
force with small displacement. This driving requirement is
contrary to that of commercial motors. Therefore, in current
prototypes, oversized drivers need to be configured to meet the
driving force requirement. Although the actual driving power
(the product of driving force and deformation) required by the
material is not large, its significant driving force requirement
causes significant driving losses in the system. Table 1 shows
the mass proportion of actuators in several typical prototypes.
The excessively high driving force currently needed is one of
the major constraints on the development of elastocaloric cool-
ing prototypes.

(a) 36 : : : : (b) 10

32 " Tk N0
5 ] = - [ n —— N=1.2x10"
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Fig. 2. Performance of elastocaloric materials. (a) Hysteresis width ver-
sus latent heat of the typical Ni-Ti-based materials.[®!] (b) Temperature
profiles of the high fatigue-life Ni—Ti at different numbers of cycles.>!
(c) Stress—strain curve comparison between tension and compression
for polycrystalline Ni—Ti within the austenite state.’®! (d) Adiabatic
temperature changes of Ni-Ti alloy as functions of fatigue-life under
tension and compression at different applied strains/stresses. (0]

Table 1. Performance and drive device/solid refrigerant mass ratio of typical prototypes.

Specific cooling  Temperature

Drive device/solid

Prototype 1 . . . References
power (W-g~") span (°C) refrigerant mass ratio

HTF-based single-stage compressive Ni-Ti tubes with HTF 0.48 4.7 1: 750 [63,64]
Thermal contact-based single-stage Ni—Ti foils 7.7 13 1: 960 [30,65]
Regenerative tensile stacked Ni—Ti plates 0.78 19.9 1: 2,800 [66,67]
Tensile Ni-Ti wire assembly 0.34 9.8 1: 389 [68]
Tensile two-stage Ti—-Ni—Cu plate with work recovery 0.38 25.4 1: 193 [69]
Compressive Ni—Ti tubes 31.6 12.3 1: 479 [70]

Furthermore, the loading method has a decisive impact
on system performance, fatigue, and the actuator simultane-
ously. Compressive stress-driven methods exhibit superior fa-
tigue performance compared to tensile-driven ones, as stress
concentration induced by microcracks in tension can signifi-

cantly reduce fatigue life.l>®! However, when the target tem-

perature difference is below 25 K (household refrigeration)
and with strict strain limitations (<2%) to ensure tensile fa-
tigue life, tensile-driven parallel-plate structures demonstrate
higher energy efficiency and cooling power. This is attributed
to their excellent heat transfer performance. At a 15 K tem-

perature difference, their cooling capacity and COP can reach
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values that are 3.5 and 2.8 times those of compression de-
signs, respectively, making them the superior choice in such
scenarios. ! Therefore, the loading method for a practical
device depends on its application scenarios and performance
demands. Consequently, elastocaloric materials with lower
phase transition stresses are highly desirable for practical ap-
plications. For instance, alloys such as Ni-Fe—Ga can achieve
complete phase transformation under stresses below 100 MPa.
Although their latent heat is relatively low (~ 5 J-g~1), the
reduced stress enables the integration of a larger mass of re-
frigerant within the same system, potentially enhancing the
overall cooling capacity. Furthermore, polymer materials like
rubber also exhibit the elastocaloric effect, requiring signifi-
cantly lower driving stresses and demonstrating considerable
potential. (%]

Hysteresis represents the intrinsic irreversible energy loss
during the phase transition, which directly reduces the mate-
rial’s effective cooling power and narrows the achievable tem-
perature span. The cooling cycle converts mechanical energy
to thermal energy via the elastocaloric material. The ideal
maximum thermal energy is the full latent heat, while the ideal
minimum mechanical energy is the hysteresis work. The orig-
inal material COP is defined by Eq. (9). Thus, low-hysteresis
materials can enhance the energy efficiency of elastocaloric
cooling systems.!”!1 This original definition describes the cost
and the output of the elastocaloric material, but it ignores the
inherent heat transfer temperature difference in the cooling
cycle. This zero temperature span between the heat source
and the heat sink cannot be used to evaluate second-law effi-
ciency. Therefore, adopting the Stirling cycle, which contains
the isothermal loading/unloading and two isostrain regenera-
tion processes, a temperature-dependent material COP can be
defined by Eq. (10).17?! This definition of material COP pro-
vides an evaluation at different operating temperatures and can
be used to derive the second-law efficiency.
pepATyd

COPpy = 95‘(7(?18 )

9

T.(As — Sgen)
(Th - TC)AS+ (Th + Tc)sgen ’

COPmat,Stirling = (10)

where AT, is adiabatic temperature change (°C). T; and Ty, are
the temperatures of the heat source and the heat sink, respec-
tively (°C). s is the specific entropy (J-g~!-K™1). Sgen 18 the
entropy generation (J-g~!-K™1).

Beyond intrinsic material properties, advanced process-
ing and manufacturing techniques offer pathways to over-
come current bottlenecks. For instance, creating a graded
transformation temperature distribution through specific heat
treatments!’3! enables more uniform heat exchange with the
HTF, reducing heat loss and improving efficiency.?>! Additive
manufacturing demonstrates significant potential for address-

ing limitations in temperature span, cooling power, and cyclic

stability.[’ The design of functionally graded and porous
structures provided by additive manufacturing presents novel
avenues for higher efficiency. Theoretical analyses indicate
that porous structures can achieve a specific cooling power
3.55 times higher than parallel-plate regenerators, with a the-

11751 Finally, as recy-

oretical maximum exceeding 80 W-g~
clable solid-state materials, elastocaloric materials can regain
their cooling performance through processes such as remelt-
ing and regeneration. By remelting Ni—Ti scrap with calcium
and halide fluxes,?"! elastocaloric materials hold the potential

to achieve efficient recycling.

2.3. Criteria for elastocaloric materials

The fundamental performance metrics for elastocaloric
materials are well-defined, emphasizing large latent heat, long
fatigue life, and small hysteresis. To achieve better perfor-
mance, the material properties required for different elas-
tocaloric cooling systems may vary. For tension-driven sys-
tems, the material is subjected directly to tensile stress, making
it sensitive to defects and requiring high toughness and unifor-
mity. Such systems require only relatively low stress to trigger
the phase transformation. In contrast, compression-driven sys-
tems must prevent buckling failure, demanding materials with
high stiffness and structural support against buckling. These
systems often enhance stability through bundled tubes or ad-
ditional support structures, thereby reducing the material’s in-
herent requirement for bending resistance. Higher stress is
needed in compression, which can be addressed by optimizing
the material through microtextured design and similar meth-
ods.

From the heat transfer perspective, for thermal-contact-
based systems, a smooth surface finish is usually preferred
since it features less thermal contact resistance. However, for
fluid-based systems, a rough surface is better for inducing tur-
bulence and promoting heat transfer performance. For tube-
shaped materials applied in elastocaloric regenerators, if the
materials are segmented such that the fluid flows in the trans-
verse direction,!’®78] higher thermal conductivity is preferred.
On the other hand, if the fluid flows in the axial direction of

tube-shaped regenerators, [©7:7%]

anisotropic thermal conduc-
tivity is ideal, with high thermal conductivity in the transverse
direction and low thermal conductivity in the axial (loading)
direction. In the case of isotropic thermal conductivity, a mod-
erate value is favored to minimize diffusion loss.

From an application perspective, three key considerations
determine the common requirements of an elastocaloric mate-
rial: the ability to meet performance requirements in a com-
pact form factor, the capability for continuous and stable op-
eration, and overall cost-effectiveness. First, regarding per-
formance and compactness, elastocaloric devices must sat-
isfy the fundamental performance criteria for refrigeration and
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heat pump units, as detailed in Table 2. Given that the latent
heat of current elastocaloric material systems is unlikely to in-
crease by an order of magnitude in the short term, achieving
a compact design with high cooling power remains challeng-
ing. Consequently, near-term applications are primarily antic-
ipated in near-room-temperature household appliances, such
as refrigerators and air conditioners. To enhance device com-
pactness, materials with lower phase-transformation stresses,
such as Cu—Zn—Al and Ni-Fe—Ga alloys, are promising can-
didates. The elastocaloric properties of shape memory alloys
vary with composition and microstructure. For example, Cu-
based alloys (Cu—Zn—Al) can achieve an entropy change of ap-
proximately 20 J-kg~!-K~! under low stress (~ 100 MPa), but
exhibit a relatively low adiabatic temperature change (~ 10 K).
In contrast, Ni—Ti alloys require higher stress (~ 500 MPa). (0]
Although the latent heat of such materials is typically lower
than that of high-stress variants like Ti—Ni, the ratio of latent

heat to applied stress provides a valuable metric for comparing
the cooling potential of different material systems, indicating
the amount of latent heat a material can deliver per unit me-
chanical force input. Furthermore, as heat exchange inherently
involves a temperature difference, a portion of the material’s
maximum temperature drop (A7) cannot be utilized for cool-
ing. Therefore, the parameter pc,(ATy — ATyt)/0€ (where
ATy is the heat-transfer temperature difference, assumed to
be 5 °C) is employed to evaluate different material systems.
For instance, using this metric, Nisy g Tigg9» and NisgFe19Gayy

(261 Although the driving stress

are 11.2 and 15.7, respectively.
of Ni-Fe—Ga at room temperature (250 MPa) is significantly
lower than the driving force required for Ni-Ti (600 MPa),
when comprehensively considering the influence of latent heat
and heat exchange capacity, Ni—Ti remains the material capa-

ble of enabling a more compact system architecture.

Table 2. The cooling power and system temperature span requirements of typical refrigeration units*.

Cooling power (W) System temperature span** (°C)

i diti 800 25

Household appliances ar Co'n roner -
refrigerator >80 20
. . refrigerated cabinets > 200 25

Commercial appliances . .

variable refrigerant flow system > 5000 20
Industrial appliances cold store > 10000 20
Advanced elastocaloric cooling prototypes 1260 75

*Data from the following Chinese standards: GB/T 7725-2022, GB/T 8059-2016, GB/T 21001.2-2015, GB/T 21454-2021, and GB 50072-2021.

**Assuming 5 K heat transfer temperature difference on each side.

Second, the continuous and stable operation of an elas-
tocaloric device is fundamentally governed by the material’s
fatigue life. As outlined in Subsection 2.2, an elastocaloric air
conditioner would require the material to withstand approxi-
mately 15 million cycles annually, assuming 4380 hours of op-
eration and a 1 Hz operating frequency. According to the Chi-
nese standard GB/T 46738, which stipulates a safe service life
of 10 years for air conditioners, the material must endure about
150 million cycles over its lifetime. For a household refriger-
ator, referencing the durability requirements for mechanical
components (e.g., doors and drawers) in the Chinese standard
GB/T 8059 and assuming a typical lifespan of 13 years with
10 door cycles per day, the requisite number of cycles is deter-
mined by the cooling system’s operation. If the system oper-
ates 12 hours daily at 1 Hz, the material in an elastocaloric re-
frigerator would need to withstand approximately 205 million
cycles over 13 years. Crucially, as standard material fatigue
testing often excludes real-world operational factors, the ex-
perimentally measured fatigue performance tends to be higher
than the achievable service life in commercial products.

Therefore, without additional system-level requirements
for material replacement, a paramount requirement for the

commercialization of elastocaloric technology is the material’s

ability to retain sufficient elastocaloric performance over more
than 200 million cycles.

Finally, concerning cost, elastocaloric devices will likely
remain at a disadvantage in the short term, though this chal-
lenge is not insurmountable. Currently, these elastocaloric
devices exist primarily as laboratory prototypes at the ex-
ploratory stage, with core components such as materials,
frames, and actuators often custom-made, leading to high
costs. However, should elastocaloric technology advance to
assembly-line production and incorporate efficient material re-
cycling strategies as previously discussed, the cost structure
would shift significantly. The focus would then be primarily
on electricity consumption during operation and initial man-
ufacturing expenses, resulting in a substantial overall cost re-
duction. Given that research on the recycling and reuse of
elastocaloric materials remains an area with significant gaps,
it represents a promising and critical direction for future de-
velopment in the field of elastocaloric materials. Moreover, if
the efficient regeneration technology of materials can achieve
a breakthrough, allowing us to directly regenerate the elas-
tocaloric materials in the device, then the demand for fatigue

life of elastocaloric materials will be greatly reduced.
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3. Elastocaloric cooling prototypes

The pioneering work of Qian er al.!%%! in 2015 marked
the first demonstration of the HTF-based elastocaloric cooling
prototype. This prototype utilized tubular NiTi to achieve a
maximum adiabatic temperature change of 4.7 K and a cool-
ing capacity of 65 W. Bruederlin ef al.3% developed a thermal
contact-based prototype employing 0.03 mm thin-film Ni-Ti—
Fe, generating a temperature span of approximately 13 °C at
3 Hz. These early prototypes established two distinct devel-
opment pathways for elastocaloric cooling technology: one
relying on direct contact heat exchange, and the other utilizing
convective heat transfer with the HTF. The former approach
reduces heat exchange complexity and offers inherent device
compactness. However, constrained by the limited heat flux
of thermal conduction and its strong dependence on contact
area, such systems typically struggle to achieve high cooling
power. In contrast, HTF-based systems can deliver signifi-
cantly greater cooling power but incur increased complexity
from additional fluid networks and inherent thermal losses as-
sociated with the intermediate heat transfer medium. These
two system types have since evolved with distinct characteris-
tics and application targets.

3.1. Thermal contact-based elastocaloric cooling proto-

types

Thermal contact-based elastocaloric cooling devices uti-
lize solid-state heat conduction, emphasizing the solid char-
acteristics of the refrigerant.!®!! While this approach ben-
efits from compactness, low vibration, and high reliabil-
ity, the inherently lower efficiency of thermal conduction
compared to forced convection limits the achievable cool-
ing power. To mitigate the prolonged heat exchange times,
elastocaloric materials in these systems are typically fabri-
cated into thin plates or fine wires. This design constraint
naturally steers such all-solid-state devices toward miniatur-
ized applications. Their advantages make them particularly
suitable for specialized fields where reliability and compact-
ness outweigh the need for high cooling power, such as in

B11 Furthermore, the solid-

aerospace thermal management.
state nature of this technology also makes it promising for
low-temperature refrigeration. [¥2] Demonstrations include Ni—
Ti—Co alloys generating a temperature change of 3.68 K at
—150 °C®31 and Cu—Al-Mn alloys exhibiting the elastocaloric
effect around 4.2 K,1®* indicating potential for cryogenic all-
solid-state coolers. However, the development of cryogenic
elastocaloric coolers faces two primary challenges. First, the
adiabatic temperature change (AT,q) diminishes at lower tem-
peratures due to its proportionality to the absolute tempera-
ture (T'As/cp), complicating heat exchange at cryogenic levels.
Second, the high stress required to induce martensitic trans-

formation at cryogenic temperatures risks causing irreversible
plastic deformation, leading to functional fatigue. Currently,
research on room-temperature thermal contact-based proto-
types has validated the influence of various design factors, in-
cluding actuation methods, cascaded (multi-stage) configura-
tions, and work recovery systems, alongside preliminary at-
tempts at product development.

A typical prototype employs an electric motor to drive
reciprocating motion, alternately bringing the SMA foil into
contact with the heat sink and heat source.®! Cascading mul-
tiple stages is an effective strategy to amplify the tempera-
ture span for such devices. For instance, a three-stage system
increased the temperature span from 7.6 K to 15 K.[81 An
optimized design, illustrated in Fig. 3, using three cascaded
Ni-Ti-Fe films achieved a notable temperature span of 27 K

~1.1871 Further per-

with a specific cooling power of 3.4 W-g
formance gains are possible by increasing the operating fre-
quency and refining materials. Using ultra-thin Ni-Ti—Cu—Co
(0.08 mm) enabled a specific cooling power of 18 W.g~!.[88]
In addition, system performance can also be enhanced by in-
creasing the refrigerant mass and implementing innovative op-
erational strategies, such as work recovery mechanisms using
cams or linkages. Moreover, to address the challenge of high
driving forces, Sharar et al. 3% implemented a bending actu-
ation method, achieving a significantly improved actuator-to-
refrigerant mass ratio of 9.7:1, where 20.7 g of elastocaloric
material obtained a temperature change of 6 °C. However, the
bending actuation method results in only the bent section of
the material undergoing sufficient deformation, leading to a

relatively low utilization efficiency of the refrigerant material.

(a) horizontal sectional view  vertical sectional view (b)
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Fig. 3. SMA film-based elastocaloric cooling prototype. 87!
(a) Schematic setup of the parallelized elastocaloric cooling device.
(b) The experimental device with the five SMA films, the frame, and
the heat sink. The heat source is not included to enable the view of the
SMA film. (c) Temperature evolution of the copper elements of the cas-
caded elastocaloric cooling device at 1 Hz. (d) Infrared thermographs
of the cooling device during operation in the experiment.

Many early prototypes focused on performance bench-
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marking using copper blocks as heat sources, with less em-
phasis on practical integration. However, Chen ef al. made
significant strides toward commercialization by developing a
compact refrigerator using a single-motor guided rail mecha-
nism, as shown in Fig. 4(a).[¥] This device, employing a 9-
g bundle of Ni—Ti wires (outer diameter: 0.7 mm), cooled a
0.9 L insulated chamber, achieving a temperature difference
of 9.2 °C and a cooling power of 3.1 W. This performance sur-
passes that of a comparable commercial thermoelectric cooler
(1.1 W), highlighting the market potential of this technology.
A subsequent advancement, illustrated in Fig. 4(b) by Yao et

n.[%] They used a

al., combined material and system innovatio
Ti—Ni—Cu alloy with a nanocrystalline structure for lower hys-
teresis and integrated it into a two-stage, roller-driven cooler
with a novel kinetic energy recovery system (78% efficiency).
This synergy yielded a dramatic performance improvement,
achieving a maximum temperature span of 25.4 K and a cool-

ing power of 6.7 W.

(b) Work recovery with Ti-Ni-Cu

Steel frame

Motor  Gearbox

Coupling

Single-stage

Two-stage with work recovery
40 - Heat sink TiNiCu
Experiment
Simulation

Heat sink

T(C)

Heat source
Heat source

Experiment
Simulation

— Experiment

600 900 1200 0 100 200 300 400
Time (s) Time (s)

300

Fig. 4. (a) The compact thermal contact-based elastocaloric refriger-
ator, and the experimental and simulated temperature changing trends
of the heat sink and heat source.[%! (b) Photo of the prototype of the
refrigerator with work recovery, and the temperature changing trends
within Ti-Ni-Cu (refer to Ref. [69]).

A fundamental challenge for thermal contact-based de-
vices arises from the heat transfer mechanism itself. Relying
on solid conduction necessitates that the elastocaloric mate-
rial maintains sufficient, unobstructed surface area for heat ex-
change. This requirement often precludes the use of full pe-
ripheral support structures, making the material less suitable
for robust compression-driven configurations, which generally
offer better fatigue life. This limitation poses a significant
challenge to the durability and practical application of tensile-
driven devices. A promising solution to this interfacial chal-
lenge was introduced by Zhang et al., who incorporated non-
reciprocal heat transfer units into an all-solid-state system. !}
This innovative design switches the heat flow direction via
internal rotation while maintaining constant physical contact
between the elastocaloric material and the heat source/sink,

and eliminates the periodic making and breaking of contacts,
thereby avoiding the associated issues of increasing interfacial
thermal resistance and degradation of contact force. It enables
more stable and efficient heat transfer, achieving a temperature
span of 4.3 K under no-load conditions and opening a new
pathway toward high-performance, fluid-free cooling. Other
thermal control concepts, such as thermal diodes, thermal reg-
ulators, and thermal switches, could possibly be integrated into
such solid-state devices.[%>%>!

In summary, thermal contact-based elastocaloric devices,
which operate by cyclically deforming the material and bring-
ing it into contact with heat sources and sinks, offer key ad-
vantages of simplicity, compactness, and reliability. How-
ever, they are generally characterized by relatively low system-
level performance, fatigue life concerns under tensile loading,
and inefficient material utilization in bending modes. There-
fore, this technology is currently more suited for miniatur-
ized devices and specialized applications where compactness,
low noise, and high reliability are prioritized over large cool-
ing capacity. For instance, miniaturized electronic devices
generate substantial heat flux during high-performance oper-
ation, resulting in the formation of local hotspots and tem-
perature fluctuations. These thermal management challenges
can induce wavelength shifts, power instability, and relia-
bility degradation in optical components, such as lasers and
modulators.[®*! Advanced solid-state cooling methods, such
as micro-thermoelectric coolers, demonstrate considerable ap-
plication potential in such scenarios.®”! Elastocaloric cool-
ing, which concurrently embodies the advantages of solid-
state cooling (e.g., quiet operation, high reliability) and ex-
hibits high cooling capacity, warrants further exploration for
thermal management of miniaturized chips and integrated cir-
cuits. It is envisioned as a complementary technology rather
than a direct replacement for mainstream vapor-compression
systems in the foreseeable future.

3.2. HTF-based elastocaloric cooling prototypes

HTF-based elastocaloric cooling systems effectively uti-
lize the latent heat of the refrigerant via convective heat trans-
fer, enabling performance that meets the requirements for
near-room-temperature refrigeration applications. The core
component of such devices is the elastocaloric regenerator,
which is a fluid—solid heat exchanger designed to maximize
heat transfer performance while maintaining structural in-
tegrity under cyclic loading. A primary strategy for enhancing
regenerator performance is to increase its specific heat transfer
area (heat transfer area per unit mass of elastocaloric material)
through innovative structural design. Additional approaches
include implementing a graded distribution of phase transi-
tion temperatures along the regenerator to optimize heat ex-
change efficiency. The push toward commercialization has
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also spurred the exploration of modular devices and heat-
driven systems. Based on the material architecture and loading
method, regenerators can be broadly classified into three cat-
egories: (1) stacked-plate assemblies, (2) compressed tubular
structures, and (3) bending-driven wires or plates.

The stacked-plate configuration represents one of the ear-
liest regenerator designs. As illustrated in Fig. 5(a), a regener-
ator composed of nine stacked Ni—Ti plates, with fluid chan-
nels formed between them, achieved a temperature span of
15.3 K in a heat pump application.[®”] This design offers sim-
plicity and a high specific surface area. However, its reliance
on tensile stress driving can compromise fatigue life. Further-
more, the need for additional containment structures to form
fluid channels raises challenges related to sealing and long-
term mechanical stability. Although a significant milestone,
this design is now less common in cutting-edge research. An
alternative stacked-plate concept with potential for practical
application is the perforated-plate stack, as patented by Ex-
ergyn Limited®® and shown in Fig. 5(e). This design stacks
perforated Ni—Ti plates to create numerous parallel fluid chan-
nels and is driven by compressive stress. The thin individ-
ual plates (0.75-1.25 mm) resist yielding, offering a promising
new direction for practical applications,°’! though public per-
formance data remain limited and require further validation.

Stacked parallel plates

Temperature (°C)

Time (s)

Fig. 5. (a) A photo of the stacked plate regenerator and the experimen-
tal setup. (%671 (b) The temperature span between the heat sink and the
heat source. (c) Schematic configuration of stacked parallel plates and
perforated plates. (d) Photo of the plate regenerator. (e) A plan view of
a hexagonal-shaped SMA structure. (%

In contrast to plate-based structures, tubular elastocaloric
materials are inherently suitable for constructing compres-
sively stressed regenerators and represent the current forefront
of prototype development. These tubular regenerators are cat-
egorized by the HTF flow path: internal flow through the tubes
or external flow over tube bundles. The first elastocaloric
cooling prototype employed internal flow within smooth Ni—
Ti tubes, achieving a cooling power of 65 W.[93] Building on
this, Qian et al. used a bundle of 19 Ni-Ti tubes to demon-
strate two fundamental operating modes (Fig. 6).17"! The first

operating mode employs an active regenerative cycle to estab-
lish the maximum temperature gradient within the regenerator,
achieving a maximum temperature change of 22.5 °C. In this
mode, the latent heat of the material enables the HTF to de-
velop a temperature gradient along the regenerator, resulting
in the maximum temperature span between the regenerator’s
inlet and outlet. The second operating mode allows the HTF
to fully exchange heat within the regenerator before proceed-
ing to the heat source/sink, converting all the latent heat into
cooling power, thereby achieving a maximum cooling capacity
of 260 W.

Active Regeneration Mode

Actuators NiTi bundle 2
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Fig. 6. (a) System design schematics and the operating principles of the elas-
tocaloric cooling system. The active regeneration mode is used for achiev-
ing a large temperature span. The maximum utilization mode provides en-
hanced cooling power. (b) The performance of the multimode elastocaloric
prototype: the evolution of temperature span as a function of time. (c) Tem-
perature span versus cooling power of the prototype.!”’]

To enhance performance, subsequent research focused on
increasing the heat transfer area. Zhang et al.l®! introduced
internal grooving in Ni-Ti tubes (Fig. 7(a)), which extended
the fatigue life beyond 2 million cycles and increased specific
cooling power and temperature span by 53% and 33%, respec-
tively. Following this design, Zhou et al.®°! fabricated Ni—
Ti tubes with an internal Archimedean spiral structure using
wire-cut electrical discharge machining (Fig. 7(b)). Despite a
challenging aspect ratio (50 mm length, 0.3 mm wall thick-
ness) that exceeds typical buckling limits for compressed Ni—
Ti,l'% the tubes enclosed by supporters showed stable per-
formance over 1 million cycles and an impressive adiabatic
temperature change of 50.6 K. This group later transitioned to
a multi-cell Ni—Ti tube structure (Fig. 7(d)), creating a regen-
erator with graded phase transition temperatures that achieved
a record temperature span of 75 K.331 With further optimiza-
tions like nanofluids and series-parallel flow, a cooling power
of 1260 W was reported at zero temperature span; the practical
cooling power at a ~ 8 K span of cooled air is estimated to be
~ 100 W based on data in Fig. 7(e).!""]

External flow configurations, where the HTF passes over
bundles of tubes or compressed assemblies, have also been
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actively investigated.!'°!! Studies by Ahcin er al.l'%?) and  heat transfer and minimized tube bending, operating for over

Emaikwu et al.[’®! confirmed that such refrigerators maintain ~ 10° cycles with a 5 K temperature difference.!”’! Ahcin et al.
high efficiency over many cycles. Ianniciello et al. devel- achieved a 31.3 K temperature span by segmenting a long Ni—
oped a durable miniaturized system using eight Ni-Ti tubes  Ti tube into a multi-stage system (Fig. 8), delivering 48.7 W
with polylactic acid (PLA) flow distributors, which optimized  of cooling at a 10.7 K temperature span.[’8]
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Fig. 7. (a) Cross-section of the longitudinally grooved Ni~Ti tubes.”8! (b) The photo of Archimedes spiral tube and the envelope of the temperature
span between the heat sink and the heat source. 11001 (¢) Different customized shapes and geometries of SMA tubes. (d) The architecture of the cascaded
materials and the evolution of temperature.?>! (e) An air-conditioning unit to cool a 2.7 m~> model house based on the kilowatt-scale elastocaloric
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Fig. 8. The elastocaloric cooling prototype based on the external flow configurations.!”8! (a) Schematics of the regenerator. (b) The photo of
the regenerator. (c) The evolution of the temperature span in heat-pumping mode (left) and the cooling mode (right).

The distinctions between external flow and internal flow  placed outside the Ni-Ti tubes, as this would impede heat

configurations lie in the permissible length of individual tubes  transfer between the HTF and the elastocaloric material. Since

and the design of the filler/support structures. For external  the material inevitably deforms during operation, any exter-

flow around tubes, additional support structures cannot be  nal support structure would need features like slots or gaps
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to relieve radial forces exerted by the material. Conversely,
internal support structures, which require tight contact with
the elastocaloric materials to provide sufficient and stable sup-
port, introduce pre-stress. This pre-stress can paradoxically in-
crease the risk of material failure. Therefore, internal flow de-
signs can adopt supports, allowing the use of tubes longer than
30 mm within the system. In contrast, external flow designs
are typically limited to tubes shorter than 15 mm (e.g., outer
diameter ~ 3 mm, wall thickness ~ 1 mm).['%") Consequently,
increasing the mass of elastocaloric materials in internal flow
systems is achieved by increasing both the number and length
of tubes, whereas external flow systems rely primarily on in-
creasing the tube count.!'%3! This fundamental difference dic-
tates their respective design optimization strategies: internal
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flow systems often employ axial grading of phase transition
temperature along the tube length (to ensure uniform heat ex-
change temperature differences under large fluid temperature
gradients), while external flow systems focus on fluid path de-
sign and optimized tube bundle distribution.

While uniaxial tension/compression enables complete
phase transformation, it requires bulky actuators, and cyclic
phase transitions can initiate cracks, limiting the fatigue life
of commercial materials to 10° cycles.®”) Bending actuation
presents a compelling alternative, requiring a force 6.09-7.75
times smaller and exhibiting 1.40—4.07 times lower hysteresis
work per unit mass than tension for the same strain (e.g., 6%),

enabling smaller, lighter, and more efficient actuators.
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Fig. 9. Typical bending-based elastocaloric prototypes. (a) The compact elastocaloric air cooler based on bending Ni-Ti sheets.!!%! (b) Schematic of
continuous rotating bending Ni—Ti sheets.['%] (c) The coil-bending elastocaloric air cooler. (d) Cooling performances of the coil-bending air cooler. 0]

A compact elastocaloric air cooler based on bending Ni—
Ti was introduced in 2022.1194 Its core mechanism, shown
in Fig. 9(a), uses a two-point bending principle driven by
a low-force actuator, reducing the specific driving force to
5.64 N-g!.
key innovation was using air directly as the HTF, avoiding

It achieved a 5.5 K air temperature drop. A

liquid sealing, though this limits the specific cooling power
(0.137 W-g~!). Limitations included intermittent operation
and non-uniform strain. Subsequently, Cheng et al. introduced
a rotating bent-cantilever structure for continuous operation,
as presented in Fig. 9(b).!'%! This design features multiple
Ni-Ti plates fixed to a rotating shaft, periodically contacting

077503-11



Chin. Phys. B 35, 077503 (2026)

copper heat sinks and sources to physically separate hot and
cold zones. Model analysis revealed a temperature gradient
along the length of the Ni-Ti sheets, with a maximum tensile
strain of 6.2%. Heat flux increased with higher air flow rates.
Experiments confirmed a stable temperature difference of 8—
9 K at rotational speeds of 1.2—-12 rpm. Emulating a loom’s
shuttle mechanism, Li et al. proposed a coil-bending structure
for Ni-Ti wires, illustrated in Fig. 9(c), further reducing the
specific driving force to 26 N-g~! and achieving a specific heat
transfer area of 12.6 cm?-g~!.[106.197] This design achieved an
air temperature drop of 10.6 K, a specific cooling power of
2.5 W-g~!, and a system COP of 3.7, showcasing high effi-
ciency in a compact volume (300 x 250 x 200 mm?). In these
bending-based devices, where air serves as both the HTF and
the cooling target, the combination of low driving stress and
minimized heat exchange stages results in the highest energy
efficiency ratios among current HTF-based elastocaloric cool-
ing systems.

Consequently, HTF-based and thermal-contact-based
elastocaloric systems possess distinct advantages and disad-
vantages. The key advantages of thermal-contact-based sys-
tems are their compactness, high reliability, and low vibration,
making them ideal for specialized miniaturized applications.
However, they are fundamentally limited by their scalability,
resulting in relatively lower cooling power than HTF-based
systems. Furthermore, achieving good fatigue life is chal-
lenging, especially under tensile loading. In contrast, HTF-
based systems have demonstrated record-breaking tempera-
ture spans up to 75 K and cooling powers exceeding 1 kW.
The trade-off for this higher performance is increased system

Table 3. Rating conditions for commercial refrigeration products and performance requirements for practical elastocaloric cooling systems.

complexity from fluid networks, larger actuators required for
high forces, and associated thermal losses. Therefore, while
thermal-contact-based systems excel in compactness and reli-
ability for niche applications, HTF-based systems are superior
in cooling performance and are closer to practical viability for
large-scale cooling, such as air conditioners.

4. Application challenges and innovative solu-
tions

Elastocaloric cooling technology has predominantly uti-
lized Ni-Ti-based alloys, establishing the mainstream devel-
opmental pathway. State-of-the-art prototypes have achieved
notable performance benchmarks, including a cooling power
exceeding 1 kW and a temperature span of over 75 K. Never-
theless, significant gaps persist when compared with conven-
tional cooling systems operating near ambient temperature.
These disparities are multifaceted:

(1) Performance evaluation metrics The cooling power
of elastocaloric cooling prototypes is frequently reported with-
out corresponding temperature span data, deviating from stan-
dard industry practices for evaluating traditional systems like
air conditioning. For instance, most studies only reported
cooling power at zero temperature span. In contrast, residen-
tial air conditioners typically require over 2000 W of cooling

108]' Adopting

capacity at temperature drops exceeding 20 K.!
established evaluation standards (see Table 3) is crucial for
meaningful performance comparisons and assessing practical

viability.

[36]

Cooling (heating) power and

Category LCO 5 (O corresponding ATpan® Alipan 2t 0 load K
Split-type air-conditioner (cooling) 15.5¢ 35 25kW at 29.5 K 59
Split-type air-conditioner (heat pump) -7 20 3.0kWat37K 74
Domestic refrigerator (fresh food) 4 32 100 W at 38 K 76
Dehumidifier 23.74 27 1kWat 133K 26.6

4Assuming 5 K heat transfer temperature difference on each side.

b Assuming a linear characteristic curve between the temperature span and cooling/heating power, which implies that the maximum

cooling/heating power is twice the value listed in the table.

“Dew point temperature corresponding to the standard dry bulb of 27 °C and wet bulb of 19 °C.
4Dew point temperature corresponding to the standard dry bulb of 27 °C and wet bulb of 24 °C.

(2) System mass and volume The size and mass of elas-
tocaloric systems are often dominated by the actuator, which
must deliver high forces due to the substantial phase transi-
tion stresses required by current materials. Although bending-
based actuation reduces force requirements, challenges such
as limited fatigue life and inefficient material utilization con-
tinue to hinder commercial application. The cost, size, and
weight of the final system are critical determinants of com-
mercial competitiveness.

(3) Energy efficiency While the theoretical COP of elas-
tocaloric materials can be high, the maximum system-level

COP demonstrated by prototypes capable of delivering use-
ful cooling is currently 1.3.1°! This is substantially lower than
that of commercial air conditioning systems, which must meet
stringent standards such as China’s grade I energy efficiency
requirement of COP > 5.8.11%1 While the measured COP of
current prototypes shows a significant gap compared to con-
ventional systems, numerical simulation studies reveal sub-
stantial potential for optimization. By systematically optimiz-
ing the heat transfer process, for instance, using parameters
like the heat utilization ratio to guide the design, the COP of
Ni-Ti and Cu—Al-Zn systems can theoretically be increased
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to 13.7 and 9.2, respectively.!! %]

(4) Sustainability and recyclability The use of solid re-
frigerants eliminates direct emissions and supports a circular
life cycle through material recycling. Coupled with an in-
creasingly decarbonized electricity supply, elastocaloric cool-
ing technology aligns with the United Nations’ sustainable de-
velopment goals for refrigeration.!!'!l However, comprehen-
sive strategies for the full regeneration and recycling of elas-
tocaloric materials and components remain an area requiring
further research.

Addressing these practical challenges necessitates the
concurrent development of application-specific solutions that
leverage the intrinsic advantages of elastocaloric cooling. Cur-
rently, the primary development directions for elastocaloric re-
frigeration technology continue to align with the content out-
lined in Section 3. In brief, the mainstream efforts can be cat-
egorized as follows: (a) pursuing material performance opti-

(@) T

NHs

Regenerator

Pump

Q,
| |
L RefrigeranH Actuator ] |

mization to incorporate more active material within devices;
(b) optimizing existing material structures to achieve higher
specific heat transfer area or improved fluid channel design;
and (c) enhancing system performance through strategies such
as integrating work recovery systems. These directions con-
tribute to steady and effective improvements in the system’s
cooling capacity. However, given the significant performance
gap compared to traditional vapor-compression refrigeration,
this paper argues that application-oriented elastocaloric cool-
ing research must introduce unique and novel concepts. Be-
yond serving as a replacement for conventional technology,
elastocaloric cooling should also aim to fill application niches
that existing technologies cannot address. Consequently, the
remainder of this section introduces innovative design con-
cepts that have the potential for rapid application or that ad-
dress gaps left by current technologies.

(b) "
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Fig. 10. Heat-driven and elastocaloric functional module coupling system. (a) Schematics of a triple-cycle system.!''®! (b) Schematic of
coupled elastocaloric actuator and piezoelectric generator.!'!%1 (c) Performance of the elastocaloric-piezoelectric coupled system.

(1) Heat-driven and elastocaloric functional module
coupling system The reversibility of the thermo-mechanical
conversion in elastocaloric materials enables innovative heat-
driven strategies. Coupling an SMA actuator with an elas-
tocaloric cooling unit provides the heat-driven elastocaloric
cooling method.!''?) This approach significantly reduces the
volume and mass of prototypes and facilitates the develop-
ment of fully modular refrigeration devices. By implement-
ing a transition temperature gradient!!'3! or a double-effect
cycle,['"* such systems enable cascade utilization of input
heat, boosting the COP above 0.8 and operating effectively
with low-grade heat sources at 80-150 °C, thus offering an
efficient solution for waste heat recovery. Following this
method, the heat-driven elastocaloric actuator can absorb heat

[115,116]

from other functional modules, such as fuel cells and

117,118

photovoltaic cells.! I Figure 10(a) demonstrates a triple-

cycle system. !9 The NH3-solid oxide fuel cell (SOFC) mod-
ule generates electricity and waste heat through an electro-
chemical reaction. The waste heat is first utilized by an al-
kali metal thermal electric converter (AMTEC) for thermal-
to-electric conversion. The remaining thermal energy is then
used by a heat-driven elastocaloric cooling system to pro-
vide cooling. Since a temperature-induced elastocaloric ac-
tuator can operate near room temperature, such module cou-
pling systems realize the hierarchical utilization of energy.
Moreover, alternative drive technologies capable of deliver-
ing “high force with small displacement” can also be explored
for elastocaloric cooling. For example, coupling piezoelec-
tric materials with elastocaloric materials theoretically demon-
strated the feasibility for thermal-to-electrical energy conver-
sion in Fig. 10(b).!"" This indicates that piezoelectric actua-
tors can be a potential driving module for elastocaloric cool-
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ing thanks to their driving characteristics of high driving force
and small displacement.!'?’ Consequently, these functional
module coupling systems can solve the problem of excessive
volume during the application of elastocaloric prototypes, and
also represent a novel attempt at system energy recovery and
efficient utilization.

(2) Modular design for serviceability The quantifiable
mechanical output and solid-state nature of elastocaloric ma-
terials facilitate modular design, where the refrigerant itself
can serve as a replaceable structural component. This ap-
proach promises easier maintenance and extended system life.
Ehl et al. demonstrated this concept, illustrated in Fig. 11(a),
with a prototype using pre-fabricated, pre-trained Ni—Ti bun-
dles that can be rapidly replaced.!'?! This “mini-fridge” suc-
cessfully cooled a chamber containing a 0.25 L beverage can
by ~ 3.5 K. This modular design concept indicates that elas-
tocaloric devices can easily replace materials, which is impor-
tant for practical applications. On one hand, this can make the

(1) betttension unit
Q belt (2.stage)
e safety lid
(a) powertrain
(5) motor
e belt (1.stage)
(7) rait unit with roller
@ wires
(7b) clamping mechanism
@ mounting adapter
(79) guide rait
e roller

(c) 1 ply fiber twisting cycle

‘ Employing twist

‘ Removing twist

H

(b)

 ——

recovery of the material more convenient; on the other hand,
because the elastocaloric material itself occupies a relatively
small space in the system, this design may solve the fatigue
problem of the material during long-term operation by storing
spare elastocaloric materials.

(3) Phase-change heat transfer Enhancing performance
requires moving beyond material development to system-level
innovation. Integrating phase-change heat transfer, which
offers orders-of-magnitude higher heat transfer coefficients
compared to single-phase convection, is a promising av-
enue. Bachmann et al. proposed an active elastocaloric heat
pipe in Fig. 11(b), where the compression-induced temper-
ature change of the solid refrigerant drives an evaporation-
condensation cycle in a working fluid of water.['?2123] While
the initial prototype achieved a modest maximum temperature
span of 5.6 K and a cooling power of 7.9 W at 1.2 Hz, it
successfully demonstrated the feasibility of harnessing phase-
change heat transfer in elastocaloric systems.

crankshaft
segment
material
check valve
condenser

evaporator

Gas-li(;uid phase transition

[) L}

SoRECUE | SIESE

Multi-ply fibers twisting cycle

Austenite

E ‘ Employing twist g Martensite

Austenite

‘ Removing twist

Fig. 11. (a) The elastocaloric can cooler uses prefabricated, pretrained Ni—Ti bundles that can be rapidly replaced.['?!! (b) Schematic of an
active elastocaloric heat pipe adopting HTF phase-change heat transfer.['2?] (c) Schematic illustration of the elastocaloric cycle for Ni—Ti wires

subjected to twisting and untwisting.[12]

(4) Alternative driving modes The driving methods dis-
cussed above primarily include uniaxial tension, compres-
sion, and bending of elastocaloric materials to trigger phase
transformation. Nevertheless, other driving methods beyond
these three conventional methods present potential avenues
for application. By inducing reversible phase transformation
through torsional stress, efficient elastocaloric cooling can be
achieved with a low driving force.['?*! In the Ni-Ti alloy sys-
tem, a single torsional cycle can produce a cooling tempera-
ture drop of up to 18 K, while a series-connected twistocaloric
heat pump can further increase the average temperature span
to 25.6 K.[123] The maximum specific cooling power achieved

I with a device cool-

by twistocaloric devices is 1.85 W.g~
ing power of 5.0 W, which is competitive in compact cooling

systems. When using HTF, the device based on three Ni-Ti

wires operating at a cycling frequency of 0.2 Hz can achieve
a sustained cooling fluid temperature difference of 7.7 K. The
critical torsional stress is low (approximately 252 MPa), and
the required torque is only 0.0834 N-m, equivalent to the force
needed to manually open a bottle cap, far lower than the com-
pression/tensile force required for elastocaloric cooling (10—
15 kN).[126] Benefiting from torsion inhibiting crack propaga-
tion and dislocation accumulation, the fatigue life of twisted
NiTi alloys is significantly improved, from about 1000 cycles
for uniaxial tension to 14752 cycles,!?*! and can even exceed
10000 cycles through gradient structure design.!!?7]

(5) Polymer-based elastocaloric materials Polymers,
particularly natural rubber, have garnered significant at-
tention due to their low cost, biodegradability, and ex-

ceptional elastocaloric properties.  Adiabatic temperature

077503-14



Chin. Phys. B 35, 077503 (2026)

changes of up to 23 K have been achieved in natu-
ral rubber through strain-induced crystallization and op-
timized material formulations, such as uniform molecu-
lar chain lengths.['?®! The incorporation of nanofillers like
graphene nanoplatelets boosts the isothermal entropy changes,

~L.K~1.11291 Advanced polymer-based elas-

reaching 1.87 J-g
tocaloric devices, including dual-unit regenerators,!'°! snap-
through instability mechanisms,[!3!l and bistable actuation
systems, 132! have enabled high specific cooling powers up to
20.9 W-g~ 11311 and a COP ranging from 4 to 16 under near-
room-temperature operations.!'3%!133] These designs facilitate
efficient heat transfer through solid—solid or solid—fluid inter-
actions, with some systems achieving temperature spans of 7—

9 KI[130:1311 i single-stage setups and work recovery efficien-
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cies of up to 56.3%.113?1 Despite these achievements, the low
thermal conductivity of polymers (0.14 W-m~!-K~! for natu-
ral rubber) leads to significant thermal losses and limits heat
exchange rates. Experimental devices typically achieve only
40%—-60% of the material’s adiabatic temperature span.[!34]
Fatigue life under cyclic loading remains a concern, with nat-
ural rubber exhibiting degradation after 104—-107 cycles de-
pending on pre-strain levels.!!3!] Additionally, while COP val-
ues can reach ~ 16, they often drop at higher frequencies or
larger temperature spans due to parasitic heat flows. Future ef-
forts for practical devices should focus on improving heat ex-
change efficiency, enhancing thermal conductivity, and modi-

fying fatigue resistance.
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134] (b) Principle of the elastocaloric heat pump based on nat-

ural rubber.['31 (c) Photo and experimental setup of the polymer-based regenerative elastocaloric cooler.!*! (d) The regenerative elastocaloric

cooler performances under both unloaded and loaded conditions.
5. Conclusion and outlook

Elastocaloric cooling has emerged as a promising solid-
state alternative to conventional vapor-compression refriger-
ation. Significant progress has been made in both thermal
contact-based systems, which offer advantages in compactness
and reliability for specialized applications, and HTF-based
systems, which demonstrate superior cooling power and tem-
perature spans approaching practical requirements. However,

despite achieving remarkable benchmarks — including tem-

perature spans exceeding 75 K and cooling powers over 1000
W in laboratory settings — current elastocaloric prototypes
still face substantial gaps in energy efficiency (with COP rarely
exceeding 1.3), system compactness, and long-term durability
compared to commercial refrigeration systems.

The primary challenges lie in material limitations and
system-level integration. The gravimetric latent heat of exist-
ing SMAs remains lower than that of traditional refrigerants,

while high driving stresses necessitate bulky actuators, result-
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ing in unfavourable device-to-refrigerant mass ratios. Further-
more, material fatigue life and heat transfer efficiency con-
tinue to constrain practical implementation. Nevertheless,
innovative approaches are emerging to address these bottle-
necks. These include the development of low-stress alloys
and polymer-based composites, advanced manufacturing tech-
niques for optimized regenerator structures, and novel system
concepts such as heat-driven cycles, torsional loading modes,
and modular designs that enhance serviceability and func-
tional integration.

The future development of elastocaloric cooling should
focus on several strategic directions. First, material innovation
remains paramount, with research needed on high-entropy-
change alloys, fatigue-resistant composites, and polymer-
based materials with improved thermal conductivity. Sec-
ond, system-level optimization must address the fundamental
trade-offs between performance metrics, requiring co-design
of materials, actuators, and heat exchangers. Third, the explo-
ration of niche applications where solid-state cooling offers
unique advantages, such as electronics thermal management,
specialized aerospace systems, or waste-heat-driven cooling,
could provide pathways to commercialization before com-
peting directly with large-scale vapor-compression systems.
Finally, life-cycle assessment and recycling technologies for
elastocaloric materials will be crucial for realizing the full sus-
tainability potential of this technology.

As global demand for efficient, environmentally friendly
cooling solutions continues to grow, elastocaloric cooling rep-
resents a viable path toward sustainable refrigeration. With
continued interdisciplinary efforts in materials science, ther-
mal engineering, and system mechanical design, this technol-
ogy has the potential to evolve from laboratory prototypes
to commercial systems that complement existing refrigera-
tion technologies and contribute to global emission reduction
goals. The coming years will likely see increased focus on
standardizing performance metrics, improving operational sta-
bility, and demonstrating practical applications that highlight
the unique advantages of solid-state caloric cooling.
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