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Af	� Austenite finish temperature (K)
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Gz	� Grashof number (/)
Lg	� Gauge length
NTU	� Number of transfer units (/)
Nu	� Nusselt number (/)
p	� Pressure (Pa)
Pr	� Prandtl number (/)
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σ	� Stress (MPa)
λ	� Slenderness (/)
ε	� Strain (/), effectiveness (/)

Subscripts
span	� Span
in	� In, inner
out	� Out, outer
h	� Hot
c	� Cold
trans	� Transformation
PB	� Packed bed

Abstract  In recent years, devices based on the elastoca-
loric effect (eCE) have emerged as one of the most promising 
alternatives to vaporcompression cooling and heating sys-
tems. After a brief overview of elastocaloric materials and 
elastocaloric devices developed to date, this paper reviews 
our recent activities in the development of tube-based elas-
tocaloric regenerators loaded in compression. These include 
the evaluation of novel elastocaloric thermodynamic cycles, 
the characterization of the elastocaloric and fatigue behavior 
of Ni–Ti tubes, the thermo-hydraulic evaluation of a tube-
based geometry to be applied as an elastocaloric regenera-
tor, the buckling analysis of Ni–Ti tube in compression, and 
finally the development, numerical modeling, and testing of 
a tube-based elastocaloric regenerator in both cooling and 
heat-pumping modes. The developed regenerator shows a 
durable operation with more than 300,000 cycles, a maxi-
mum temperature span of more than 31 K at zero thermal 
load, and a heating power of more than 60 W at a tempera-
ture span of 10 K using only 13.7 g of elastocaloric material. 
In addition, further improvements of the tube-based elasto-
caloric regenerators related to a lower thermal mass of the 
regenerator’s housing are shown and discussed.
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PP	� Parallel plates
SnT	� Shell-and-tube

Introduction

Cooling and air conditioning are nowadays responsible 
for 20% of global electricity consumption and 7.8% of all 
greenhouse gas emissions, but due to the rapid progress of 
developing countries combined with the global warming, 
the demand for cooling is increasing exponentially and is 
predicted to triple by 2050 [1]. Concurrently, heat pumps—
refrigerators in heating mode—are an essential part of 
decarbonizing the heating sector. In 2021, about 190 mil-
lion heat pump units were in operation worldwide, but they 
only cover 10% of global heating demand in buildings, fall-
ing short of the net-zero emission targets set for 2050. The 
need for alternative cooling/heat-pumping technologies has 
recently attracted significant attention in the scientific com-
munity since our standard cooling/heat-pumping technology, 
namely vapor-compression technology, uses environmen-
tally polluting refrigerants and achieve exergy efficiencies 
of up to 50%, indicating that there is still room for improve-
ment [2]. The use of conventional (synthetic) refrigerants 
is restricted by several climate agreements that prohibit 
their use in the future [3, 4]. For example, chlorofluorocar-
bons (CFCs), which have a high ozone depletion potential, 
have been phased out according to Montreal Protocol [4], 
while hydrofluorocarbons (HFCs), which have been used as 
an alternative to CFCs in recent years, have a high global 
warming potential and must be almost completely phased 
out in the next decades (according to the Kigali Amendment 
[3]). All synthetic refrigerants will thus need to be replaced 
by natural refrigerants with a lower environmental impact, 
such as hydrocarbons, ammonia, or CO2. However, natural 
refrigerants also have their disadvantages. For example, all 
hydrocarbons are at least slightly flammable, ammonia is 
toxic, and CO2 requires high pressure and is less efficient in 
hot climates [5, 6]. Therefore, it is critical to develop sus-
tainable cooling technologies with minimal environmental 
impact and/or address the limitations of natural refrigerants. 
Over the past two decades, a great scientific effort has been 
devoted into developing cooling technologies based on the 
caloric effect of a solid refrigerant. These are potentially 
more efficient than vapor-compression technology and much 
more environmentally friendly, as they use environmentally 
neutral solid-state refrigerants [7]. Among the caloric tech-
nologies, elastocaloric cooling that is based on the elastoca-
loric effect (eCE) has been recognized as the most promising 
one by the US Department of Energy [8].

In this paper, we first provide a brief overview of the elas-
tocaloric materials (eCM) and elastocaloric devices developed 
to date. So far, about 15 proof-of-the-concept elastocaloric 

devices have been presented. These devices utilize elastoca-
loric materials (eCMs) in different ways by applying different 
thermodynamic cycles, different loading modes, and different 
heat transfer mechanisms.

In the second part of the paper, we present an overview of 
our recent activities and progress in the development of the 
elastocaloric regenerator as a key component of the elastoca-
loric device. The development of an efficient, powerful and 
fatigue-resistant elastocaloric regenerator requires a systematic 
study of different interconnected aspects, such as the mechani-
cal and elastocaloric response of eCMs [9, 10], their buckling 
[10, 11] and fatigue behavior [9, 10], the elastocaloric thermo-
dynamic cycles [12], and the thermo-hydraulic properties [13] 
of the geometries to be applied in the elastocaloric regenerator. 
Due to generally better fatigue life of eCM in compression 
than in tension, our efforts were mainly focused on compres-
sively loaded eCM and regenerator structures, which would 
assure fatigue-resistant operation. Among the geometries of 
eCMs available on the market, such as plates, wires and tubes, 
the latter have the best load-bearing capacity-to-mass ratio in 
compression, especially when their walls are thin, thus offer-
ing the best compromise between buckling resistance and heat 
transfer properties. Thin-walled structures are crucial for fast 
and efficient heat transfer between the eCM and the working 
fluid in the elastocaloric regenerator, which increases optimal 
operating frequency, and thus the cooling/heating power and 
efficiency of an elastocaloric device. The extensive research 
on buckling analysis of Ni–Ti tube in compression [11] and 
thermo-hydraulic properties od shell-and-tube geometries [7] 
combined with the numerical optimization of the regenerator’s 
geometry [14, 15] led to the realization of the fatigue-resistant 
shell-and-tube elastocaloric regenerator. In the heat-pumping 
mode, the regenerator achieved a maximum temperature span 
of more than 31 K at zero thermal load, and a heating power of 
more than 60 W (equivalent to more than 4000 W/kg of eCM) 
at a temperature span of 10 K using only 13.7 g of eCM [16]. 
Figure 1 shows a roadmap of our recent research in designing 
regenerative elastocaloric devices and gives an overview of the 
challenges addressed in this paper.

In the last part of the paper, we show and discuss further 
improvements of the tube-based elastocaloric regenerators, 
focussing on the optimization of the regenerator’s housing 
to reduce its thermal mass by using materials with low ther-
mal conductivity to minimize the heat exchange with the 
surroundings. As shown in this paper, this is essential for an 
efficient and high-performance elastocaloric device.

Basics of the Elastocaloric Effect and Elastocaloric 
Materials

Shape memory materials (SMMs) are characterized by 
two unique properties: the shape memory effect and 
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superelasticity. The elastocaloric effect is closely related 
to superelasticity. SMMs encompass various categories, 
including shape memory alloys, polymers, ceramics, and 
gels [17]. Among these, shape memory alloys (SMAs) and 
shape memory polymers (SMPs) are the most commonly 
used and studied. While SMPs require small stresses of 
only up to 2 MPa but showcase significant transformation 
strains of up to 600%. Although some interesting demonstra-
tors have been built using SMPs as elastocaloric materials, 
their overall performance is in principle poorer compared to 
SMAs [18–20]. This is mostly due to smaller eCE and lower 
thermal conductivity of SMPs, but also due to large required 
strains, which in the case of elastocaloric regenerator dis-
play an asymmetric fluid exchange [21]. The most studied 
SMA is the binary, near-equiatomic Ni–Ti alloy, which was 
first reported in 1963 and remains by far the most widely 
used SMA in various applications due to its superior fatigue 
behavior compared to other SMAs and its biocompatibil-
ity. As discussed in [22], other groups of SMAs include 
Ni–Ti-based alloys (alloyed with Cu, Co, Pd, Fe, etc.), Cu-
based alloys (alloyed with Al, Ni, Zn, etc.), Fe-based alloys 
(alloyed with Pd, Mn, Si, Ni, etc.) and magnetic SMAs (e.g., 
Ni–Fe–Ga and Ni–Mn–Co), all of which are considered as 
potential eCMs.

Shape memory effect, superelasticity and eCE are caused 
by a martensitic phase transformation. This is a reversible 
solid-state displacive (non-diffusional) crystalline phase 
transformation dominated by a shear between a high-symme-
try, high-temperature austenitic phase and a low-symmetry, 

low-temperature martensitic phase [23]. The shape memory 
effect enables the mechanically deformed SMA at tempera-
tures below the martensite finish temperature (Mf) to recover 
(“remember”) its original shape (before being deformed) 
when heated above the austenite finish temperature (Af). 
Superelasticity enables the SMA to withstand large strains 
(up to 8.5%) when mechanically loaded and return to its 
original state after mechanical unloading above the austenite 
finish temperature (Af), as shown in Fig. 2a. In both cases, 
the transformation is accompanied by thermodynamic irre-
versibility, which manifests itself as temperature and stress 
hysteresis. During superelastic loading and unloading, the 
forward martensitic transformation from austenite to mar-
tensite is exothermic and the reverse transformation is endo-
thermic [24]. The generated heat can be dissipated under 
isothermal conditions, which are achieved at low strain rate, 
where the latent heat has simultaneously transferred to the 
surroundings without heating up the SMA, or, on the other 
hand, can heat up the sample under adiabatic conditions, 
which are achieved at high strain rate. The required strain 
rate values to achieve isothermal or adiabatic conditions 
depend on several factors, such as the SMA geometry and 
the heat transfer conditions at the surface (natural convec-
tion, forced convection, gas or liquid medium surrounding 
the sample) [25]. However, when the stress is removed, 
an endothermic transformation (martensite to austenite) 
occurs, cooling the sample in the case of adiabatic condi-
tions, which can then absorb the heat from the surroundings 
(or a heat source). The eCE can be thus characterized as an 

Fig. 1   Roadmap of the research in designing regenerative elastocaloric devices with an overview of the challenges addressed in this paper
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isothermal entropy change or adiabatic temperature change 
(see Fig. 2b).

In general, all SMAs (and shape memory polymers) can 
be considered as potentially eCMs if their austenitic finish 
temperature (Af) is below the working temperature of the 
device, which is a prerequisite for reversible superelasticity. 
The most studied eCM is the binary Ni–Ti alloy, in which 
reproducible adiabatic temperature changes of up to 30 K at 
room temperature have been measured [12], while the latent 
heat of their martensitic transformation can be as high as 35 
J/g [26]. Alloying binary Ni–Ti with Cu, V, and/or Co has 
been shown to improve fatigue life, reduce hysteresis and 
transformation stress, but at the expense of a lower adiaba-
tic temperature change [27]. Similar results, with smaller 
hysteresis and smaller transformation stress but also smaller 
eCE compared to binary Ni–Ti, have also been observed in 
some Cu-based alloys (e.g., Cu–Al–Mn) [28] and some mag-
netic SMAs (e.g., Ni–Fe–Ga) [29], but most of these alloys 
are brittle, which is their main drawback for elastocalorics. 
Relatively large hysteresis and high transformation stress 
(especially in compression—see Fig. 3), which reduces the 
efficiency and increases the required input mechanical force, 
respectively, are the main drawbacks of binary Ni–Ti alloy. 
Recently, a new magnetic SMA (Ni–Mn–Ti–B) was discov-
ered in which a reproducible adiabatic temperature change of 
31.5 K was measured [30], showing that there is still room 
for improvement in the development of novel eCMs.

The eCM can generally be subjected to tension or com-
pression (see Fig. 3), and each of the loading modes has cer-
tain advantages and disadvantages in terms of elastocaloric 
applications [22] as discussed later in the text. The most 
important difference between tension and compression is in 
fatigue life. As shown in [9], in Ni–Ti alloy fatigue-resistant 
operation in tension can be achieved at limited strain, and 

thus limited eCE, while in compression, fatigue-resistant 
operation with more than 10 million cycles can be achieved 
at the strains corresponding to the end of the transformation 
plateau, and thus maximum eCE [31, 32]. However, Chluba 
et al. [33] demonstrated that fatigue-resistant operation can 
be achieved also in tension. Namely, it has been shown that 
thin-film Ni–Ti–Cu-based samples made by sputtering depo-
sition that can withstand 10 million loading cycles in tension 
with a strain up to 2.5% and adiabatic temperature changes 
up to 10 K. This is strongly related to better compatibility of 
martensitic-austenitic interfaces compared to binary Ni–Ti 
[33]. It is estimated that a cooling or heat-pumping device 
should withstand more than 10 million loading and unload-
ing cycles without functional and structural fatigue during 
its lifetime (operating 6 h per day for 10 years with operating 

Fig. 2   Schematic representation of the superelastic response in SMA for isothermal and adiabatic conditions in the stress–strain diagram (a), 
and temperature distribution in the Ni–Ti tube after adiabatic compressive loading and unloading (note that the color bar is given in °C) (b) [22]

Fig. 3   Schematic representation of the tension–compression asym-
metry in the case of isothermal loading of Ni–Ti alloy (tube in com-
pression and sheet in tension) after mechanical stabilization (training)
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frequency at 1Hz)), to be used in a commercial product [34]. 
However, it should be noted that the superelastic response of 
the eCM is different in tension than in compression, which is 
also known as tension–compression asymmetry [35]. Kabiri-
far et al. [22] observed the tension–compression asymmetry 
in the stress–strain behavior of a superelastic Ni–Ti alloy 
under both isothermal (strain rate of 0.0002 s−1) and adiaba-
tic (strain rate of 0.06 s−1) conditions. In compression, the 
slope of the transformation plateau is significantly steeper 
compared to tensile loading, meaning that a higher stress is 
required to complete the transformation, while the resulting 
transformation strain is smaller as shown in Fig. 3. Kabiri-
far et al. [22] also showed that large adiabatic temperature 
changes can be obtained in both compression and tension, 
where positive adiabatic temperature changes of up to 28 K 
were measured at the stress/strain levels that corresponds 
to the end of the transformation. Recently, Ahčin et al. [15] 
performed a parametric study on the fatigue-resistant par-
allel-plate regenerator in tension (with limited strain) and 
fatigue-resistant shell-and-tube regenerators in compression 
(made of buckling-free tubes), and showed that the shell-
and-tube regenerator generates larger temperature spans due 
to the larger applied strain and hence a larger eCE. However, 
at lower temperature spans the cooling performance of the 
parallel-plate elastocaloric regenerator is better due to the 
better heat transfer geometry.

Elastocaloric Thermodynamic Cycles

As described in [36–39], the most widely applied thermo-
dynamic cycles for utilizing caloric effect are the Otto (or 
Brayton) thermodynamic cycle, Stirling (or Ericsson), Car-
not-like as well as a hybrid cycle (a combination of different 
cycles) are also possible. A typical elastocaloric thermo-
dynamic cycle consist of loading and unloading processes 
and two heat transfer processes (i.e., heat absorption and 
heat release). In the case of Brayton and Otto cycles, the 
(un)loading is performed adiabatically, while in the case 
of Stirling and Ericsson cycle the (un)loading is performed 
isothermally. On the other hand, in the case of Brayton and 
Ericsson cycle, the heat transfer processes occur at constant 
stress (isostress process), while in the case of Otto and Stir-
ling cycle, the heat transfer processes occur at constant strain 
(isostrain process). Since isostress processes are not easy 
to achieve without force sensors and complicated feedback 
controls [39], a great majority of thermodynamic analysis 
of the elastocaloric effect and devices are based on isostrain 
heat transfer processes (with some exceptions as discussed 
below), and thus on Otto thermodynamic cycle. The elas-
tocaloric Otto cycle is based on four basic operating phases 
(Fig. 4). The first step is the adiabatic mechanical loading 
of the material (1 → 2), which causes the eCE and, thus, the 

temperature of the eCM increases. In the second step, heat 
is transferred to the surroundings at a constant (high) strain 
(2 → 3). The third step is the adiabatic unloading (3 → 4), 
where the material cools below the initial temperature. In 
the last step, heat is transferred from the surroundings to the 
eCM at a constant (low) strain (4 → 1). The entropy irrevers-
ibilities caused by hysteresis losses affect the temperature 
and entropy state of the eCM during loading and unload-
ing, as shown in the temperature-entropy diagram in Fig. 4, 
which can significantly reduce the efficiency (coefficient of 
performance) of the cycle [40, 41].

The thermodynamic cycle shown in Fig. 4 (i.e., the sin-
gle-stage Otto cycle) is performed in a single-stage device, 
where the temperature span of the device between the heat 
sink and the heat source is limited by the adiabatic tem-
perature changes of the eCM. The temperature span can 
be increased beyond the adiabatic temperature change of 
the eCM by applying multi-stage thermodynamic cycles, 
such as cascade [42, 43], heat recovery [44, 45] and active 
regenerative thermodynamic cycles [16, 19, 46–49]—see 
section Elastocaloric devices for details. However, based on 
the current state-of-the-art, the active elastocaloric regen-
erative cycle, and thus the active elastocaloric regenerative 
device built around this cycle currently offers the greatest 
potential for practical elastocaloric applications [16, 50, 51]. 
If the operating conditions (frequency, mass flow rate, etc.) 
of a regenerative elastocaloric device are appropriate, a tem-
perature span between the heat source temperature (Th) and 
the heat sink temperature (Tc) is established in steady-state 
conditions. Accordingly, because of internal heat regenera-
tion, each element of the eCM along its length performs its 
own thermodynamic cycle at a slightly different temperature 
(between Th and Tc) as can be seen in Fig. 5a. This enables 
achieving larger temperature span of the device compared 
to the adiabatic temperature change in the eCM, which is 

Fig. 4   Single-stage Otto thermodynamic cycle
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crucial for most practical applications. However, the strong 
thermomechanical coupling in SMAs, as seen in Fig. 5b, 
results in a higher transformation stress required to initi-
ate and complete the martensitic transformation at elevated 
temperatures. For practical applications where a high trans-
formation stress is not desirable, a layered elastocaloric 
regenerator with different eCMs (with different transforma-
tion temperatures) has been proposed to improve the per-
formance of elastocaloric regenerators at large temperature 
spans [15, 52].

While the Otto cycle is the most commonly used (elasto)
caloric thermodynamic cycle, other cycles may be more effi-
cient. In the Stirling thermodynamic cycle, mechanical load-
ing and unloading occurs simultaneously with heat exchange 
with the surrounding (or heat transfer fluid) resulting in 
isothermal (un)loading. It should be noted that the Stirling 
cycle is only feasible by external or internal heat regenera-
tion and consists of an isothermal mechanical loading of the 
eCM, heat regeneration at constant (high) strain, isother-
mal unloading of the eCM and the second heat regeneration 
process at constant (low) strain. The Stirling regenerative 
thermodynamic cycle can be more efficient because the iso-
thermal loading reduces the required input work, but the heat 
transfer is less intense compared to the Otto thermodynamic 
cycle, resulting in a lower heating/cooling power [7]. It is 
important to note that isothermal loading and unloading are 
relatively complex processes, where the heat exchange with 
the HTF must be matched to the phase transformation to 
create isothermal conditions [7, 53].

The Carnot thermodynamic cycle has the highest theo-
retical efficiency, but its practical application is limited by 
the low cooling capacity [7]. The Carnot cycle consists of 
an adiabatic and isothermal mechanical loading followed 
by an adiabatic and isothermal mechanical unloading of the 
eCE. Recently, Kabirifar et al. [12] have shown that a unique 

Carnot-like thermodynamic cycle with improved efficiency 
can be generated with eCM by implementing the isostress 
cycle with partial transformation. As shown in Fig. 6a, at 
the end of the initial quasi-isothermal pre-straining (point 2) 
and after the first adiabatic unloading, both isostress (with 
constant stress during the holding period) and isostrain (with 
constant strain during the holding period) cycles reach the 
same stress–strain (also temperature) point (point 3). The 
difference between the isostress and isostrain cycle occurs 
during the holding (heat transfer) period. In an isostrain 
cycle, the strain is fixed, and the transformation cannot pro-
gress, therefore, only a small stress relaxation occurs (point 
4D). In the isostress cycle, on the other hand, the strain can 
freely change under the fixed stress and the transformation 
can continue until the actual stress–strain-ambient tempera-
ture equilibrium is reached (point 4F). This is evident from 
Fig. 6a where the final strain of isostress cycle after the hold-
ing period (e.g., point 4F) is almost identical to the strain of 
the quasi-isothermal pre-straining, which has occurred at the 
ambient temperature without self-heating/cooling effects. In 
contrast, the stress at point 4D (end of the isostrain holding) 
is significantly lower than the stress of the initial quasi-iso-
thermal pre-straining at that strain. The transformation and 
the heat generation/absorption continue during the holding 
period of an isostress cycle making it a combination of adi-
abatic and quasi-isothermal cycle similar to a Carnot cycle 
[12]. By adjusting the stress/strain range of the adiabatic 
part and the duration of the holding part of the cycle, the 
ratio between the adiabatic and quasi-isothermal parts of 
the cycle can be adjusted based on the heat transfer condi-
tions to generate the optimum Carnot-like cycle for each 
working condition. To support and better understand the 
experimental results, a thermodynamic model was used to 
evaluate the applied elastocaloric cycles. The model is based 
on a phenomenological model that was used to simulate 

Fig. 5   Schematic representation of the active Otto thermodynamic cycle in steady state (with established temperature span) (a), and isothermal 
superelastic response in SMA for three different temperatures (b)
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the superelastic and shape memory response of SMAs and 
was originally presented in [54] and in more detail in [55]. 
Figure 6b shows a temperature-entropy diagram of Ni–Ti 
wire in the case of tensile loading. An almost entirely flat 
stress–strain transformation plateau in tension leads to 
almost flat isostress lines (thin full lines in Fig. 6b) between 
the total entropy values at zero and at the final stress/strain 
points, which is due to the fact that the entire entropy change 
at constant stress occurs across a very narrow temperature 
range (almost constant temperature). Isostrain lines (thin 
dashed lines in Fig. 6b), on the other hand, exhibit a sig-
nificantly different trend due to a nonlinear mechanical 
behavior, i.e., the entropy change at constant strain occurs 
over much wider temperature ranges for both tension and 
compression, as discussed in [45]. The difference between 
the isostress and isostrain lines in the temperature–entropy 
diagram opens up new avenues for manipulating the elasto-
caloric cooling cycle by utilizing isostress or isostrain condi-
tions. As can be seen in Fig. 6b, the isostress cycles (thick 
full lines in Fig. 6b) in which most of the transformation 
occurs non-adiabatically during the holding period, are a 
good approximation of a Carnot cycle, which appears as a 
perfect rectangle in a temperature-entropy diagram and is 
theoretically the most efficient thermodynamic cycle since 
its input work is the minimum possible.

Elastocaloric Devices

Elastocaloric devices can be categorized according to the 
mechanism of heat transfer, the loading mode, and the ther-
modynamic operating principle (see Fig. 7). In terms of heat 
transfer mechanisms, we can differentiate between devices 
with contact heat transfer between the eCM and the heat 
sink/source [18, 56–58] and devices with convective heat 
transfer between the eCM and the heat sink/source using a 
heat transfer medium [42, 44–48, 53, 59, 60]. Devices with 
convective heat transfer, apply eCM in a macroscopically 

porous form, such as set of wires [42, 58], tubes [16, 51, 59] 
or parallel plates [46] through which a heat transfer fluid (air 
or water) can be pumped. Devices with contact heat transfer, 
on the other hand, usually apply a single elastocaloric ele-
ment, such as sheet [56, 57, 61], membrane [18], or a set of 
wires [58], which oscillate between the heat sink and the 
heat source (or vice versa) and can be cascaded to improve 
the performance. Contact heat transfer devices usually apply 
smaller amount of eCM and are therefore limited to lower 
(absolute) cooling/heating powers. However, their advantage 
is that they can be miniaturized and potentially applied in 
micro-cooling applications.

Most elastocaloric devices are based on tensile [18, 42, 
46, 57, 58] or compressive loading [16, 47, 48, 59, 60]. 
Some attempts have also been made with bending [62] and 
torsion/twisting [63, 64], which can reduce the required 
loading force (especially bending). However, these load-
ing modes are difficult to apply in porous structures and 
at least some parts of the eCM in these loading modes are 
subjected to tension and therefore suffer from fatigue issues. 
Elastocaloric devices operating in tension, however, have the 
ability to employ thin elastocaloric elements, such as wires 
and sheets, that allow for rapid and efficient heat transfer 

Fig. 6   Stress–strain curves (a) and their corresponding temperature-entropy diagrams (b) of an isostress (full lines) and an isostrain cycle 
(dashed ones) applied to Ni–Ti wires in tension

Fig. 7   Categories of elastocaloric devices based on the heat transfer 
mechanisms, the loading mode, and the operating principle
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due to their thin walls, small hydraulic diameters and large 
heat transfer areas relative to the volume of the eCM, which 
should further result in high specific cooling/heating powers 
and high COP values. However, eCMs in tension are prone 
to fatigue, leading to a limited lifetime of tension-based elas-
tocaloric devices, which is an important obstacle for practi-
cal applications. On the other hand, all compression-loaded 
elastocaloric devices developed to date have endured several 
hundred thousand load cycles, with one of them even reach-
ing 107 cycles [59], without significant functional degrada-
tion or fatigue failure. The main advantage of compressive 
loading is therefore a significantly improved fatigue life 
compared to tensile loading, while its disadvantage is the 
buckling issue. Thin wires or sheets that would allow for 
rapid heat transfer cannot be compressively loaded without 
buckling. Designing compressive loaded elastocaloric struc-
tures with good heat transfer properties is therefore chal-
lenging because thin-walled structures, which are required 
for rapid heat transfer, are prone to buckling in compres-
sion. Nevertheless, three compressively loaded elastocaloric 
devices with record-breaking performance (outperforming 
even tensile-based devices) and fatigue-resistant operation 
have recently been developed [16, 50, 51]. They are based on 
a unique tube-based geometry [16, 51] or spiral-like geom-
etry [50] with buckling-free compressive loading and rela-
tively good heat transfer properties and have shown that it 
is possible to generate temperature spans of over 50 K [50], 
cooling/heating power of over 200 W [50, 51] and specific 
cooling/heating power of over 4.5 W/g of eCM [16], while 
maintaining fatigue-resistant operation.

As mentioned above, elastocaloric devices can be further 
distinguished regarding the operating principle. Single-stage 
devices [18, 53, 56, 63] use the simplest operating prin-
ciple of elastocaloric devices, where the temperature span 
between the heat sink and the heat source is constrained by 
the adiabatic temperature change of the eCM (see Fig. 4). 
This limitation makes these devices unsuitable for most 
practical applications, given that temperature spans of 
about 25 K or more are normally needed. Despite this limi-
tation, their potential is the ability for miniaturization (in 
combination with contact heat transfer), which makes them 
promising for applications in thermal management for elec-
tronic devices or chip cooling. To increase the temperature 
span beyond the adiabatic temperature change of the eCM, 
multi-stage cycles, such as heat recovery [44, 45], cascade 
[42, 43], and active regeneration [16, 19, 46–48] have been 
used. The principle of heat recovery in elastocalorics was 
initially introduced in [65]. Heat recovery devices comprise 
two or more phase-shifted elastocaloric beds (i.e., porous 
structures), facilitating work recovery (when one bed is 
compressively loaded, the other is unloaded). The process 
involves the mechanical loading and unloading of the beds 
in phase, followed by heat transfer between the cold and hot 

heat exchangers and the unloaded and loaded beds. Once the 
beds have reached the temperatures of the cold and hot heat 
exchangers, a heat recovery process occurs to pre-heat and 
pre-cool the beds prior to mechanical loading and unloading. 
While this increases the temperature span and can improve 
the efficiency of the elastocaloric device, it comes at the 
expense of a lower heating/cooling power due to the limited 
maximum operating frequency of such a concept. In a cas-
cade configuration, multiple elastocaloric elements or beds 
are connected in series, with each eCM/bed operating at a 
different temperature, where the thermodynamic cycles are 
connected in series and overlap at the same time. Most of 
the recently developed elastocaloric devices are based on 
so-called active elastocaloric regenerators (AeCRs), which 
are porous structures made of eCM through which a heat 
transfer fluid (HTF) is pumped in an oscillating counter-flow 
direction [16, 19, 46–48]. This concept was first presented 
for utilizing the magnetocaloric effect in magnetic refrigera-
tion [6]. In the active regenerative cycle, the thermodynamic 
cycles of each part of the eCM along the regenerator overlap 
in different sequences, and the heat is transferred between 
them by the oscillating HTF, thus carrying out the regen-
eration process that enables the temperature gradient along 
the regenerator, and thus a temperature span between the 
heat sink and the heat source (see Fig. 5a). Elastocaloric 
regenerators offer significant potential for practical applica-
tions due to their compact design and ability to achieve high 
temperature spans and high specific cooling/heating powers, 
as recently demonstrated in [16, 50, 51].

In addition to the operating principles of elastocaloric 
devices described above, the elastocaloric heat pipe intro-
duces an innovative concept wherein multiple eCM beds are 
interconnected in series using check valves (pressure diodes) 
[59]. The operational principle relies on the mechanical 
loading and unloading of the eCM, which, driven by the 
eCE and related temperature changes, leads to vaporization 
and condensation of the HTF, altering the pressure inside 
the pack. As the pressure increases, the HTF is displaced 
into the next pack, acting as a cascade-like system. This 
principle offers two potential advantages over other systems: 
firstly, more intense heat transfer between the eCM and the 
HTF occurs due to evaporation and condensation can lead to 
higher operating frequency, and thus higher cooling/heating 
power, and secondly, no HTF pumping system is required, 
as the HTF flow is generated and regulated by pressure dif-
ferences and pressure diodes between the packs.

Buckling Stability of Elastocaloric Ni–Ti Tubes

As described before, compression-based elastocaloric 
devices require relatively bulky elements that must withstand 
compressive loading without buckling in order to generate 
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reversible eCE. Buckling can be described as a loss of sta-
bility and collapse of the specific element. Despite the criti-
cal importance of buckling stability on designing compres-
sive loaded elastocaloric devices, only a couple of studies 
focused on evaluation of buckling stability of eCM in com-
pression [10, 11, 66, 67]. The most comprehensive study to 
date on buckling for the purpose of elastocaloric technology 
was performed by Porenta et al. [11]. They investigated the 
buckling responses of different Ni–Ti tubes with the objec-
tive of determining the optimal geometry of Ni–Ti tubes 
for elastocaloric devices. The buckling behavior of SMA 
tubes depends on the influencing factors such as material 
parameters, geometry, type of end supports, initial imper-
fections, etc., and need to be thoroughly investigated and 
well understood prior their implementation in elastocaloric 
devices. Porenta et al. [11] conducted a systematic inves-
tigation of the buckling stability of tubes with an approxi-
mately constant Dout/t = 12 and different Dout (i.e., 2 mm, 
2.5 mm, and 3 mm) and tubes with constant Dout = 2.5 mm 
and Dout/t, ranging between 5 and 25. A total of 161 samples 
with gauge lengths between 6 and 20 mm were tested. The 
loading procedure included an isothermal cycle (with strain 
rate of 0.0003 s−1) up to the stress level of 1150 MPa, which 
corresponds to the end of the transformation plateau. The 
isothermal cycle was followed by 50 training cycles (strain 
rate of 0.008 s−1) and 20 adiabatic cycles (strain rate of 0.07 
s−1) as they would occur in an elastocaloric device in the 
case of an Otto thermodynamic cycle.

When a Ni–Ti tube is loaded in compression, the behavior 
of the sample can be very different and depends on the tube’s 
geometry. Porenta et al. [11], identified various responses 
of thin-walled tubes in compression (see Fig. 8), and the 
authors divided them into three groups: stable, globally 
unstable, and locally unstable. Moreover, the authors fur-
ther identified the following global buckling modes: global 
buckling (GB), buckling-unbuckling (BUB), global buckling 

followed by local snap through with 1 circumferential wave 
(GB + LB1). In the buckling–unbuckling phenomenon 
(BUB), the structure first starts to buckle globally during 
loading and then starts to straighten back even though the 
axial load is further increasing [68]. Although the tubes with 
BUB are not completely stable, they showed reversible eCE 
without the loss of stability and can be considered as func-
tionally stable tubes. On the other hand, locally unstable 
tubes also exhibit many buckling mode shapes, of which the 
authors were able to categorize two specific ones, namely, 
local buckling (LB) with two and local buckling with more 
circumferential waves, as shown in Fig. 8. As mentioned in 
[11], the failure of the tube can occur after a few loading 
cycles and not necessarily only in the first cycle. One of the 
reasons for the failure of the tube under cyclic mechanical 
loading could be the accumulation of residual martensite 
in each cycle, known as a training effect [69]. This could 
affect the stress and strain distribution in the tube, causing 
the progressive behavior of the BUB, which means that the 
lateral displacements increase at each cycle and eventually 
lead to failure.

Porenta et al. [11] have also presented a phase diagram 
of buckling mode shapes for different tube dimensions and 
slenderness. Both diagrams in Fig. 9 show the buckling 
mode shapes at failure regardless of the part of the loading 
procedure and regardless of the number of loading cycles at 
which the failure has occurred. The colors of the pie charts 
and the numbers they contain represent the buckling mode 
shapes and the corresponding number of samples experienc-
ing it. Circular pie charts indicate the absence of the BUB 
phenomenon in the isothermal cycle, whereas a star shape 
denotes the occurrence of BUB. Figure 9a gives a buckling 
phase diagram of the tubes with Dout = 2.5 mm but different 
Dout∕t ratio, while Fig. 9b gives a buckling phase diagram of 
the tubes with Dout∕t ratio of about 12 but different Dout. One 
can see from Fig. 9a that functionally stable tubes (although 

Fig. 8   Images of identified 
buckling modes in thin-walled 
Ni–Ti tubes: Buckling-unbuck-
ling (no failure) (a); global 
buckling (b); global buck-
ling + local snap-through buck-
ling (c); local buckling with two 
circumferential waves (d); Local 
buckling with three circumfer-
ential waves (e); uncategorized 
local buckling (f)
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experiencing BUB phenomena) are shorter than 14 mm and 
have a Dout∕t ratio below 13, while longer tubes showed 
global buckling. On the other hand, all the tubes with the 
Dout∕t ratio above 15 showed local buckling behavior regard-
less of their length. In Fig. 9b, the region of functionally 
stable tubes is located below the convex black curve, while 
above the concave black curve the GB + LB1 mode shape 
dominates. Between these lines, the combinations of stable, 
globally and locally unstable responses can be observed. 
The most important features in these phase diagrams are the 
marked regions of functionally stable tubes, which serve as 
a guide for future developments of elastocaloric devices and 
other potential applications of eCM in compression, such as 
dampers and actuators. Particularly for compressively loaded 
elastocaloric devices, it is crucial to use tubes with the long-
est possible length that are still functionally stable, while 
the wall thickness of the tube should be as thin as possible 
to improve the heat transfer between the eCM and the HTF. 
For this reason, functionally stable tubes with a higher Dout∕t 
ratio are preferred.

Interestingly, as discussed in Porenta et al. [11], a large 
majority of the tubes that survived the training also sur-
vived the adiabatic cycling, suggesting that training alone 
may be an appropriate measure to determine functionally 
stable tubes. In addition, some tubes that exhibited BUB 
during the first part of the loading procedure survived the 
entire loading procedure. This suggests that although the 
tube is not completely stable, it is still functionally stable and 
can be potentially used in elastocaloric devices, but fatigue 
life of these tubes with BUB phenomena has not yet been 
investigated.

Thermo‑Hydraulic Evaluation of Elastocaloric 
Regenerators

The thermo-hydraulic properties of elastocaloric porous 
structures (e.g., elastocaloric regenerators), such as the 
convective heat transfer and the pressure drop, play a 
decisive role in achieving good cooling or heat-pumping 
characteristics. Namely, an ideal elastocaloric regenerator 
should have a high convective heat transfer coefficient to 
transfer heat between the eCM and the heat transfer fluid 
as rapidly and efficiently as possible, but at the same time 
it should have low pressure drop to reduce the pumping 
power of the heat transfer fluid. The evaluation of thermo-
hydraulic properties is therefore one of the most important 
steps in the development process of elastocaloric regenera-
tors prior to their implementation in an elastocaloric device. 
Thermo-hydraulic correlations, such as (Nu-Re and f-Re) 
are commonly used to describe heat transfer characteristics 
and viscous losses in different types of heat exchangers. In 
general, thermo-hydraulic properties of a regenerator are 
evaluated using single-blow method [70], unidirectional-
flow test [71], or oscillating-flow test [72]. In the last dec-
ades, several investigations of thermo-hydraulic properties 
of active magnetic regenerators (AMR) to be applied in 
magnetic refrigeration devices have been performed. One 
of the first works on the thermo-hydraulic properties of dif-
ferent regenerators to be applied as AMRs were performed 
by Šarlah et al. in 2012 [71]. They concluded that due to 
more intense heat transfer, the packed-bed AMRs can gener-
ate the highest cooling capacity and temperature span, while 
they show lower coefficients of performance (COP) due to 

Fig. 9   Phase diagram of buckling mode shapes for the tubes of constant Dout = 2.5 mm for λ—Dout∕t space (a), and for the tubes of approxi-
mately constant Dout∕t = 12 for λ—Dout space (b)
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higher pressure drop compared to ordered structures, such 
as parallel-plate geometry. Trevizoli et al. [72] showed that 
oscillating-flow packed-bed regenerators can reach high 
thermal effectiveness (above 0.95) for NTU values above 
100. The effectiveness generally increases with decreasing 
particle size and decreasing utilization factor.

Following the works done on thermo-hydraulic charac-
terization of regenerators to be applied as AMRs, a similar 
analysis was performed for a shell-and-tube geometry pro-
posed in [10], which has been considered as a promising 
structure to be applied as a compressively loaded elasto-
caloric regenerator. In such a configuration, baffles act as 
support elements that prevent buckling of the thin-walled 
tubes while guiding the HTF in the cross-flow over the tube 
bundles (on the shell side). Ahčin et al. [13] conducted a 
thermo-hydraulic analysis of regenerators with shell-and-
tube geometry. They used an oscillating-flow experimental 
setup originally developed in [73], the ε-NTU method, and 
numerical modeling to evaluate the thermal effectiveness 
and develop the empirical Nu-Re and f-Re correlations 
for the shell side of the shell-and-tube regenerator. Nine 
different shell-and-tube configurations constructed from 
tubes with different wall thicknesses, different tube (rod) 
diameters, different tube (rod) spacings and different chan-
nel heights (baffle spacings) have been evaluated (see [13] 
for details). The design of the shell-and-tube regenerator is 
shown in Fig. 10.

As a result of a thermo-hydraulic analysis, new empirical 
correlations for the Nusselt number and the friction factor 
as a function of Reynolds number were developed (Fig. 11). 
The Nusselt number is a dimensionless parameter normally 
used to evaluate and compare the thermal properties of 
heat exchangers and regenerators. It represents the ratio 
of convective and conductive heat transfer in the thermal 
boundary layer. In general, Nu depends on flow conditions, 
temperature-dependent material properties and geometrical 
specifications. Figure 11a shows the obtained Nu-Re and 
f-Re correlations for the shell-and-tube geometry and their 
comparison with the well-established correlations of the 
two most widely applied geometries in caloric regenerators, 
namely the packed-bed [73] and parallel-plate [74] geom-
etries. It can be seen that except for very low Re, the shell-
and-tube geometry outperforms the parallel-plate geometry, 
where their Nu are much closer to the one of the packed-bed 
geometry.

Furthermore, the shell-side friction factor was calculated 
based on the pressure drop measurements across the regener-
ator bed [13]. Figure 11b shows a comparison of packed-bed 
[75] and parallel-plate [76] friction factors with the friction 
factor of the shell-and-tube regenerators. It can be seen that 
the shell-and-tube geometry has a relatively low friction fac-
tor that is more similar to the parallel-plate geometry and 
much smaller compared to the packed-bed geometry.

Nevertheless, comparing the two thermo-hydraulic prop-
erties (Nu and f) evaluated in [13], it can be concluded that 
the shell-and-tube geometries represent an excellent trade-
off between heat transfer and viscous losses, compared to 
packed-bed and parallel-plate regenerators, as the two most 
commonly used geometries in caloric technology. They can 
provide good heat transfer properties (relatively high Nu) 
and low pressure drop at the flow conditions relevant for 
ACRs (Re < 2000). Ahčin et al. [13] concluded that the shell-
and-tube regenerator shows high potential to be applied as an 
elastocaloric regenerator. However, it should be noted that 
despite the relatively high Nu, the shell-and-tube design suf-
fers from relatively low specific heat transfer area (note that 
only the outer side of the tubes are in contact with the HTF) 
and a relatively large hydraulic diameter, which reduces the 
convective heat transfer coefficient and the overall cooling/
heating performance.

Development and Experimental Characterisation 
of Fatigue‑Resistant Active Elastocaloric 
Regenerator

Based on fatigue and buckling stability analysis of Ni–Ti 
tubes [10, 11], and thermo-hydraulic evaluation of shell-and-
tube geometry [13], Ahčin et al. [16] developed the elastoca-
loric regenerator shown in Fig. 12, which is fatigue-resistant, 
powerful, and relatively efficient, with an overall specific 
performance that surpasses most of the previously developed 
caloric cooling and heat-pumping devices. It consists of 18 
commercial Ni–Ti tubes with an outer diameter of 3 mm and 
an inner diameter of 2.5 mm. The total mass of the tubes was 

Fig. 10   The regenerator design with shell-and-tube geometry (with-
out housing) with marked HTF flow path (a), and the top view of the 
design showing staggered tube arrangement (b)
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13.7 g. The tubes were cut and further polished to a length of 
56.0 mm. The tubes were inserted with small clearance into 
five 4 mm-thick supports evenly distributed along the length 
of the tubes with tight fit. The gauge length (i.e., the free 

length between the supports) of the tubes was 9 mm. Con-
sidering more complex design of the regenerator compared 
to a single tube testing, the selected gauge length is slightly 
shorter than the stable length of this tube obtained during 

Fig. 11   Comparison of the Nu-Re (a), and f-Re empirical correlations for different regenerator geometries (b)

Fig. 12   CAD model of the 
regenerator showing a cross-
section view (a), streamlines 
showing flow distribution in 
the first segment of the AeCR 
(b), side view of the regenerator 
showing the Ni–Ti tubes inside 
(c), and regenerator during tests 
with visible check valves (d)
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experimental buckling analysis [11]—see Fig. 9b. The inlet 
geometry of the regenerator was optimized using ANSYS 
Fluent to allow for the optimal flow distribution between the 
channels (see Fig. 12a–b) and to minimize a flow maldistri-
bution. This is crucial to achieve a uniform utilization of the 
eCE and efficient regeneration process and to minimize the 
dead volume at the inlet/outlet of the regenerator.

The first series of tests were carried out to determine the 
maximum temperature span without applying thermal load 
to the system. The tests were conducted under different oper-
ating conditions in both cooling and heat-pumping modes. 
Here, we report only the main results in heat-pumping mode 
(for more detailed results, readers should refer to [16]). Fig-
ure 13a shows an establishment of the temperature span from 
an initial to a steady-state operation under selected operating 
conditions. As can be seen, the regenerator initially reacts 
quickly to the applied mechanical load, especially during 
the first 200 s, reaching a temperature span of about 25 K. 
Afterwards, the temperature span increases slower, and the 
steady state with 31.3 K of the temperature span is reached 
within 1800s after the start of the experiment.

Figure 13b shows the temperature span of the AeCR as a 
function of the displaced volume ratio and frequency at the 
applied stress of 825 MPa. The displaced fluid volume ratio 
is defined as the ratio between the volume of HTF displaced 
through the regenerator in a single blow period and the vol-
ume of fluid in the regenerator. It can be seen that working at 
high frequency results in a higher temperature span, and the 
benefit of high frequency is more pronounced when oper-
ating at a low displaced volume ratio. On the contrary, at 
high displaced volume ratios, the effect of frequency on the 
temperature span is much smaller. The main reason for this 
behavior is that at a higher displaced volume ratio, the inter-
nal regeneration is less pronounced, and the operation of the 
active regenerator gravitates toward a single-stage opera-
tion, with the temperature span being equal to the adiabatic 
temperature change in the eCM. As a general behavior seen 
in the experiments, higher stress levels allow for a larger 

temperature span due to a larger eCE, and thus larger adi-
abatic temperature changes for all frequencies and displaced 
fluid volume ratios. It can also be seen that the temperature 
spans increase with increasing operating frequency for all 
displaced fluid volume ratios. Overall, the largest tempera-
ture spans were obtained at the highest applied frequency in 
this study. i.e., 2 Hz, which corresponds to a single fluid flow 
period of about 0.2 s (note that the loading and unloading 
time was set to 30 ms for all experiments).

In the second series of experiments, a thermal load 
was applied to the system, simulating the heating power 
in heat-pumping mode and the cooling power in cooling 
mode—see [16] for details. As the thermal load supplied 
to the system increases, the temperature span decreases as 
can be seen in Fig. 14a, which shows the temperature span 
evolution between fluid outlets of the regenerator in heat-
pumping mode at different heating powers. As expected, 
the temperature span decreases with increasing the heating 
power. Figure 14b shows the linear dependence of the tem-
perature span on the heating power, as normally observed in 
(single-layered) caloric devices [7]. The experiments were 
performed at an operating frequency of 2 Hz, using the same 
stress level (825 MPa) and different displaced fluid volume 
ratios. A small displaced fluid volume ratio allows for larger 
maximum temperature spans, but a steeper slope of the tem-
perature span—heating power characteristics at the same 
stress level, and thus a lower maximum heating power (at 
zero temperature span) compared to a larger displaced fluid 
volume ratio.

Based on the heat-pumping performance, the efficiency 
of the regenerator was further evaluated and the results can 
be seen in Fig. 15a. The efficiency of a heat-pumping system 
is usually expressed by the COP and exergy efficiency. For 
the propose of this analysis we have assumed that the work 
released during the unloading can be fully recovered, which 
can be realized in an elastocaloric device including several 
phase-shifted elastocaloric elements/regenerators [53] and 
is a usual assumption when evaluating the efficiency of 

Fig. 13   Time evolution of the temperature span in the heat-pumping mode (a), and temperature span as a function of the displaced fluid volume 
ratio in the heat-pumping mode (b)



112	 Shap. Mem. Superelasticity (2024) 10:99–118

1 3

elastocaloric devices. This means that only the hysteresis 
losses have been considered as mechanical input power in 
addition to the input power to pump the HTF. Figure 15a 
shows the COP values as a function of the temperature span 
of the regenerator under different operating conditions. For 
example, the COP values of 5.2 and exergy efficiencies of 
11% have been obtained at a specific heating power of about 
3700 W/kg (Fig. 14b) and a temperature span of about 5 K. 
On the other hand, at the temperature span of about 11 K 
and specific heating power of about 3500 W/kg, the COP of 
about 3.1 was obtained (corresponding to exergy efficiency 
of 11%).

The developed elastocaloric regenerator provided one 
of the best functionally stable overall performance among 
the elastocaloric devices developed to date. It demonstrated 
fatigue-resistant operation with more than 300,000 load-
ing cycles at stress levels of up to 825 MPa (see Fig. 15b) 
with no signs of performance degradation when operating 
in cooling or heat-pumping mode over a wide temperature 
range. Figure 15b shows the selected stress–strain curves of 
the regenerator at different number of performed cycles and 
different stress levels.

A direct comparison of the different elastocaloric devices 
in terms of the maximum temperature span and the maxi-
mum specific cooling/heating power of the devices is given 
in Fig. 16. It should be noted that the maximum tempera-
ture span and the maximum specific cooling/heating power 
are not achieved simultaneously (i.e., at the same operating 
conditions). As normally observed in caloric devices [7], the 
maximum temperature span is achieved at the smallest/zero 
cooling/heating power, while the maximum specific cool-
ing power is achieved at the smallest/zero temperature span.

Improving Regenerator Performance: Thermal 
Mass Reduction

With the aim of improving the performance of the shell-
and-tube elastocaloric regenerator, we have recently stud-
ied the impact of the support elements (baffles) and their 
thermal mass on the performance of the AeCR. We have 
therefore investigated different configurations and materi-
als of the supports (see Fig. 17) to improve the performance 
of the elastocaloric regenerator. These were steel supports 

Fig. 14   Heating powers of the elastocaloric regenerator: time evolution of the temperature span due to the gradual increase of the heating power 
in the heat-pumping mode (a). Temperature span—(specific) heating power characteristics at different operating conditions (b)

Fig. 15   Heating COP values as a function of the temperature span (a), and stress–strain curve as a function of the number of cycles performed 
by the regenerator (b)
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(Fig. 17a), steel supports laminated with PEEK insulation 
(Fig. 17b), and 3D-printed supports made of Rigid 10K resin 
(Fig. 17c) with a tensile modulus of 11 GPa and a flexural 
strength of about 160 MPa.

The regenerators with steel supports and steel supports 
laminated with PEEK insulation were essentially equal (with 
the tubes with an outer diameter of 3 mm, an inner diameter 
of 2.5 mm with the total length of 56 mm in four stages). 
The regenerator with 3D-printed supports had only two 
stages with 31 Ni–Ti tubes with an outer diameter of 2.5 
mm, an inner diameter of 2.0 mm, and a length of 34 mm 
(see Fig. 18) as it was only intended to test the suitability 
of Rigid 10K 3D printed supports for this type of elastoca-
loric regenerator. The initial experimental results with 3D 
printed supports were promising, as it achieved a maximum 
temperature span of 19.8 K at a stress of 750 MPa, with a V* 
of 0.26 and at a frequency of 1 Hz. However, the regenerator 
showed poor fatigue performance, as the supports cracked in 
a vicinity of the tubes after about 50,000 cycles (at the stress 
levels in a range between 750 and 800 MPa), causing the 
tubes to buckle, and thus fail. Namely, the outer diameter of 

the tube is increased upon loading, causing increased stress 
on the supports. Therefore, further investigation of low ther-
mal conductivity support materials with increased stiffness 
and reduced brittleness needs to be carried out.

To understand the effect of the thermal mass of the sup-
ports we investigated the effects of different support con-
figurations on the performance of the shell-and-tube elasto-
caloric using a numerical model and the method presented 
in [14, 15]. We have studied the regenerator’s performance 
made of steel supports laminated with PEEK insulation (see 
Fig. 17) and Rigid 10K 3D printed supports (see Fig. 18). 
In both cases a temperature span of 15 K with a cold-side 
temperature of 288 K and a hot-side temperature of 303 K 
was prescribed and the effects of tube diameter and tube wall 
thickness on the cooling performance at different operating 
conditions were investigated. The spacing between the tubes 
was set to 0.3 mm and the spacing between the baffles to 8 
mm. The geometry of the regenerator was limited by the use 
of mechanically stable tubes that can withstand a compres-
sion at 1000 MPa according to Porenta et al. [11] and the 
total length of the tubes was set to 100 mm. Figure 19 shows 
the cooling power and COP of the shell-and-tube elastoca-
loric regenerator with steel supports laminated with PEEK 
insulation. It can be seen that the optimum wall thickness 
depends on the tube diameter and the operating conditions. 
Overall, the best cooling performance of the elastocaloric 
regenerator is achieved with tubes with an outer diameter 
of 2 mm and a wall thickness of 0.75 mm, which achieve 
a maximum specific cooling power of 1850 W/kg of eCM, 
and a maximum COP of 0.64 at a temperature span of 15 K.

Figure 20 shows the performance of the shell-and-tube 
elastocaloric regenerator with 3D-printed supports made 
of Rigid 10K resin under the same operating conditions 
and geometric constraints as the elastocaloric regenera-
tor with steel supports laminated with PEEK insulation. 
Remarkably, a significant improvement in regenerator’s 
performance can be observed. The highest specific cooling 

Fig. 16   A comparison of the maximum temperature span and the 
maximum specific cooling/heating power of the best elastocaloric 
cooling and heat-pump devices developed to date [77]

Fig. 17   Three different support configurations tested: steel supports (a), steel supports with PEEK insulation (b), and 3D-printed supports (c)
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power of 5180 W/kg is achieved with tubes with an outer 
diameter of 2 mm and a wall thickness of 0.5 mm and 
a corresponding COP of about 1.7. On the other hand, 
the most efficient geometry (with the highest COP) is 
achieved with tubes with an outer diameter of 2 mm and 
a wall thickness of 0.75 mm, whereby a COP of about 1.9 
can be achieved. These results demonstrate the potential 
advances in geometry design and performance gains asso-
ciated with the implementation of low-thermal conduc-
tivity 3D-printed supports and demonstrate a promising 
direction for improving the overall performance of elas-
tocaloric devices. Moreover, one can see that the support 
material and its thermal mass significantly influence the 
optimal wall thickness of the tubes, since the regenerator 
with steel supports requires thicker walls compared the 
regenerator with 3D-printed plastic supports due to the 

parasitic losses caused by the heat exchange between the 
tubes and the supports.

Conclusions

This paper provides a comprehensive overview of the 
research behind the development of the shell-and-tube elas-
tocaloric regenerator. Our research covers several critical 
aspects, starting with the selection of suitable eCM. We have 
investigated the buckling stability of potential elastocaloric 
tubes, and performed systematic evaluation of the thermo-
hydraulic properties of geometries that seem promising for 
elastocaloric applications (i.e., shell-and-tube design). The 
ultimate goal of this research was to develop an elastoca-
loric regenerator that provides durable and fatigue-resistant 

Fig. 18   Regenerator with Rigid 
10K 3D printed supports. Side 
view of the regenerator (a), 
and a view of the regenerator 
without the housing (b)

Fig. 19   Cooling power (a) and COP (b) of the shell-and-tube elastocaloric regenerator with steel supports laminated with PEEK insulation at 15 
K of temperature span as a function of the wall thickness of the tubes with different outer diameters and different frequencies [15]
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operation while ensuring efficient heat transfer and low pres-
sure drop.

The resulting regenerator provided one of the best overall 
performances among the elastocaloric devices developed to 
date. It has demonstrated fatigue-resistant operation, endur-
ing over 300,000 loading cycles at stress levels of up to 825 
MPa with no signs of performance degradation. Operating 
in both cooling and heat-pumping modes across a broad tem-
perature range, the regenerator achieved a COP value of up 
to 5.2 at a specific heating power of about 3700 W/kg and a 
temperature span of about 5 K.

Further improvements of the shell-and-tube elastocaloric 
regenerator are possible. The future focus should be on elas-
tocaloric materials with smaller hysteresis and transforma-
tion stresses as well as on an improved regenerator geometry 
with larger heat transfer area per mass of eCM and optimi-
zation of the supporting structure in terms of minimizing 
its thermal mass. Our research showcases the viability of 
constructing a regenerator with polymer supports, which 
according to numerical investigation provides a significant 
increase in regenerator performance. However, further inves-
tigation of potential materials for the supports needs to be 
carried out to improve the fatigue life of the regenerator with 
polymer supports.

Highly motivated by the excellent results achieved with 
a single elastocaloric regenerator, our ongoing efforts are 
directed toward the development of a preindustrial, multi-
regenerator elastocaloric device. This advanced design fea-
tures four phase-shifted regenerators with integrated work 
recovery mechanism, aiming to increase the efficiency and 
cooling/heating power compared to a single regenerator. 
Finally, the overarching goal is to achieve cooling/heating 

performance comparable to that of a small-scale vapor-
compression device, thereby advancing the applicability 
and efficiency of elastocaloric technology in cooling and 
heating applications.
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