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Elastocaloric cooling has experienced fast development over the past decade
owing to its potential to reshape the refrigeration industry. While the solid-
state elastocaloric refrigerant is emission-free, the efficiency of the state-of-
the-art elastocaloric cooling systems is not sufficient yet to reduce carbon
emissions during operation. In this study, we double the coefficient of per-
formance, the most commonly used efficiency metric, via the synergy of
material-level advances in TiNiCu and the system-level roller-driven mechan-
ism capable of recovering kinetic energy. On the materials level, a 125%
improvement in coefficient of performance is illustrated in TiNiCu compared
to NiTi, empowered by the B2-B19 martensitic transformation with improved
lattice compatibility and the grain boundary strengthening from the nano-
crystalline structure. On the system level, owing to the properly sized angular

momentum in rotating parts, 78% work recovery efficiency is reported,
transcending the theoretical limit previously unattainable without kinetic
energy recovery. This confluence of materials and mechanical innovations
propels elastocaloric cooling systems into a new realm of efficiency and paves
the way for their practical application.

During the very recent UN Climate Change Conference (COP28) in
Dubai, over 60 countries signed the Global Cooling Pledge, aiming
to reduce 68% of emissions in the cooling sector by 2050". Such a
compelling need is due to >20% primary energy consumption from
billions of cooling systems around the globe that are responsible
for maintaining thermal comfort for humans and IT hardware’.
With the projected growing trend®, emissions due to cooling were
predicted to quintuple by 2050*. Today, hydrofluorocarbon
refrigerants, each kilogram as devastating as tons of carbon emis-
sions, generate ~ 30% of emissions from cooling systems, and this
percentage is still increasing thanks to the accelerating shift
towards sustainable energy sources. Many low-emission gas-phase
refrigerants have been studied, yet flammability, toxicity, or
environmental hazards associated with fluoride, are still major
concerns limiting the extensive applications of these alternative
refrigerants.

This unclear future of gas-phase refrigerants provides an oppor-
tunity for the development of caloric cooling technologies whose
refrigerants are non-volatile solids and thereby emission-free. In the
so-called caloric materials, applying an external field, such as a mag-
netic field’, electric field®, or mechanical stress, induces solid-state
phase transitions that are accompanied by temperature change, a.k.a.
the caloric effect’. Different forms of stress result in subclassifications
of mechanocaloric cooling®™. Among them, elastocaloric (eC) is dri-
ven by uniaxial stress and has been studied in both Shape Memory
Alloys (SMAs)™™ and polymers". In a thermomechanically treated NiTi
binary alloy, the temperature change during unloading can exceed
30 K, which is a magnitude higher than all magnetocaloric and many
electrocaloric materials under practical field intensities. In addition,
with both the SMA materials and mechanical actuators available from
the market, an engineer can easily assemble a functioning eC cooling
system, and thus eC cooling has undergone fast development in the
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past decade surpassing other caloric counterparts, manifested by
more than twenty published prototypes to date’**,

Among these eC cooling systems, only a few featured work
recovery?>*2032342 j e_harvesting part of the unloading energy from
SMA to reduce the net input energy thus achieving higher efficiency™®.
The existing work recovery configurations can be divided into two
categories, the antiphase pair of SMAs cyclically recovering only the
potential energy***2°*** and the rotary design continuously reco-
vering both kinetic energy and potential energy***“. In the first cate-
gory, the initial unloading force in the unloaded SMA overwhelms the
required loading force in the antagonistic SMA, leading to an overall
negative net force that corresponds to the irrecoverable part of
unloading energy"’. In the second category, despite the absence of
irrecoverable work, continuously rotating SMA requires compensation
for the inevitable and nontrivial friction. Whether or not such friction
work is larger than the recovered kinetic energy is still unknown.
Naturally, a novel design based on cyclic operation with minimized
friction that also retains kinetic energy recovery resembles a new
paradigm for unloading work recovery.

Materials performance dictates the performance ceiling of any eC
cooling system*s, Consequently, endeavors in materials design have
been focused on optimizing strain reversibility, minimizing hysteresis,
and reducing driving stress**~', While experimental efforts have yiel-
ded promising results at the laboratory scale, particularly with mate-
rials like TiNiCu showcasing reduced stress hysteresis and improved
fatigue characteristics®>**, their application in eC cooling systems has
been confined to small-scale formats such as free-standing films*.
Challenges persist in scaling up production and ensuring processa-
bility, hindering widespread and scaled-up applications. Thus, balan-
cing performance and scalability through composition design and
thermomechanical treatment is essential to unlock the full potential of
these materials for practical eC cooling applications.

In this work, we developed a roller-driven eC refrigerator that
recovered kinetic energy, such that the achieved work recovery effi-
ciency was beyond the theoretical work recovery efficiency without
harvesting kinetic energy. Following the common fluid-free design
using direct contact heat exchange, two antiphase SMA ribbons
relayed heat pumping via an intermediate heat exchanger, resulting in
a large temperature span outperforming the adiabatic temperature
change of each respective SMA. The nexus of materials manufacturing
advances in TiNiCu and the new work recovery scheme through the
roller-driven mechanism provided a systematic approach to con-
currently improve both materials and system efficiency.

Results

Principle of the roller-driven eC refrigerator

To inherit the competence of kinetic energy recovery in a rotary eC
cooling device while adopting the cyclic operating scheme to minimize
friction, we proposed the roller-driven mechanism, as shown in Fig. 1a.
The two SMA ribbons were vertically mounted to the edge of a roller
made of die steel on one side, and were fastened to sliding carriages
that were aligned to the roller on the other side, such that the two
ribbons were stretched only in the vertical direction. The roller was
powered by a motor (Fig. S1a) via a gearbox (Fig. S1b) for amplification
of the torque. The two antiphase SMA ribbons were cyclically stretched
by the roller (Supplementary Movie 1), which periodically rotated
between the two end positions in Fig. 1a (Supplementary Movie 2).
When the roller swung to position 1 (Fig. 1b) and remained static for
heat exchange, SMA#2 was fully loaded and attached to the heat sink
(Fig. SIc), and SMA#1 was fully unloaded and attached to the heat
source (Fig. S1d), where direct contact heat exchange was achieved.
Rotating the roller back in the reverse direction required an accelera-
tion process from static to the nominal rotating speed, which was
driven by the difference in torque between SMA#2 being unloaded and
SMA#1 being loaded. Therefore, part of the unloading work (Fig. 1c)

was stored in the form of kinetic energy in the roller as well as other
rotating parts including the gearbox and the rotor, which would
otherwise consume more input power. As the rotating speed reached
steady, the input power to the motor could be further reduced by
leveraging the unloading torque from SMA#2. The capability to
recover part of the unloading energy to accelerate the rotating parts is
a unique characteristic of the proposed roller-driven mechanism,
serving as the key to achieving high work recovery efficiency.

The antiphase pair of SMA ribbons (Fig. 1d) relayed heat pumping
in a cascade arrangement (Fig. 1b). After SMA#2 rejected heat to
ambient through the heat sink, it was unloaded and then absorbed
heat by direct contact with the Intermediate Heat Exchanger (IHX,
Fig. Sle). Meanwhile, SMA#1 was loaded and attached to the IHX,
rejecting heat to SMA#2 across the IHX. Thus, unloading SMA#1 could
reach a lower temperature than the minimum temperature of cyclically
loading SMA#1 alone, thereby facilitating a larger temperature span.
The relayed pumping of heat from SMA#1 (low-temperature stage) to
SMA#2 (high-temperature stage) is the key to achieving large tem-
perature spans of over 20K, as illustrated by the infrared image in
Fig. 1e and Supplementary Movie 3.

Performance of TiNiCu ribbon

The roller-driven mechanism facilitates high efficiency of the
mechanical system, while substituting TiNiCu ternary alloy for the
baseline commercial grade NiTi alloy was proven to be a crucial
material-level advancement in improving efficiency. We used two
~220 mm long (heat exchange length 120 mm) and ~0.6 mm thick
TiNiCu ribbons in our roller-driven eC refrigerator, which is, to the best
of our knowledge, the first time application of SMA other than
commercial-grade NiTi on a macro scale cooling device, i.e. 10’mm
length and 10' grams.

The kilogram-level raw TiNiCu sheets were prepared through a
series of processes including induction melting, forging, hot rolling,
high-temperature annealing, cold rolling, and low-temperature
annealing (see Method Section for detailed procedures). Resulting in
afinely tuned structure, the TiNiCu ribbon showcases a nanocrystalline
composition with an average grain size of ~50 nm, as evidenced by the
bright-field and dark-field transmission electron microscope images
(Fig. 2a). Analysis through energy dispersive X-ray spectroscopy
(Fig. S3) confirms a chemical composition closely aligned with the
nominal composition of Tis ,Nigs gCue (at.%). The designed compo-
sition, featuring a deficiency in titanium, serves to suppress the
monoclinic B19’ Martensitic Transformation (MT) and thereby induce
a metastable orthogonal B19 MT at the relatively low Cu content™, as
revealed by the in-situ X-ray diffraction patterns in Fig. 2b. Compared
to commercial-grade NiTi that undergoes a B2-B19" MT (Fig. S4), the
B2-B19 MT in TiNiCu empowers better lattice compatibility at phase
boundary*’, resulting in good reversibility of MT with a smaller thermal
(Fig. S5) and stress hysteresis (Fig. 2c). Furthermore, the abundant
grain boundaries remarkably strengthen the transforming matrix of
TiNiCu (Fig. S6) and suppress the dislocation-induced plasticity during
stress-driven MT, thereby enhancing the transformation reversibility
and elevating the utilization of latent heat.

To stabilize the superelastic behavior, the TiNiCu and NiTi rib-
bons were subjected to several tens of loading and unloading training
cycles at the strain rate of 10°s™ to remove the residual strain. Post-
training, the TiNiCu ribbon exhibits reduced stress hysteresis com-
pared to commercial-grade NiTi, as depicted in Fig. S7. Temperature
variation in the trained TiNiCu ribbon at various strain rates was
examined, illustrating saturation at higher strain rates (Fig. 2d and
Fig. 2e). Consequently, under nearly adiabatic conditions with a strain
rate of 0.04s™, the adiabatic temperature changes (AT,q) reached
14.2°C during loading and 11.3°C during unloading. Notably, the
temperature distribution is quite uniform with no Liiders band
(Fig. 2f), owing to the sluggish stress-induced MT induced by the
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prototype. f infrared image of the heat sink, heat source, and intermediate heat
exchanger (IHX) in the prototype. The horizontal bars are part of a frame that
mounts the IHX, the heat sink, and the heat source.

nanocrystalline structure”’. It facilitates efficient heat exchange with
the heat source and heat sink. A comparison of AT,q between the
TiNiCu and commercial-grade NiTi ribbons across various strains was
performed, and the results are illustrated in Fig. S8. While both exhibit
a similar increasing trend of AT,y within the low strain range, the
unloading AT,q4 of NiTi plateaus beyond 3.5% strain due to its inade-
quate strain recoverability. In contrast to the commercial-grade NiTi

suffering from easy generation of dislocations, the addition of copper
and the nanocrystalline structure in our TiNiCu alloy improve the
lattice compatibility between the austenite and martensite phases
and enhance the yield strength, thereby supporting a higher AT,q4.
Figure 2g presents a comparative analysis of the eC performance
between TiNiCu and commercial-grade NiTi ribbons under actual
operation of the roller-driven eC refrigerator at around 4% strain after
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the corresponding electron diffraction pattern. b in-situ X-ray diffraction patterns
showing a cubic to orthogonal MT during cooling. c isothermal stress-strain curves
of TiNiCu ribbon show a smaller stress hysteresis compared to NiTi ribbon during
the first four cycles. d stress-strain characteristics at different strain rates of trained
TiNiCu ribbon. e temperature change at different strain rates of TiNiCu ribbon.
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g comparison of the adiabatic temperature change of TiNiCu and NiTi ribbons
under operational strains during loading (left) and unloading (right). SMA#1 and
SMA#2 refer to the two SMA ribbons specified in Fig. 1. The samples of both TiNiCu
and NiTi alloys in (d-g) were taken from the ribbons used in the eC refrigerator and
had undergone extensive pre-training.

extensive pre-training, revealing a remarkable enhancement in both
AT,q (25%) and material-level Coefficient of Performance, COPna.
(125%, see Methods for more details) for the TiNiCu ribbon.

Performance of the eC refrigerator
The two-stage cascade heat pumping realized a system temperature
span transcending the adiabatic temperature change of the

material, manifested by the large temperature span of 19.8 K using
the commercial-grade NiTi (Fig. 3a) and 25.4 K with the new TiNiCu
alloy (Fig. 3b). In both cases, the heat sink and heat source were
insulated with zero heat load, and the temperature span reached
steady after roughly 50 cycles (see Methods section for more
details). Compared to their single-stage counterpart without
relayed heat pumping (Fig. S9), the temperature span using NiTi and
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Fig. 3 | Load-free temperature span of the roller-driven eC refrigerator.

a evolution of temperature span at 0.17 Hz using baseline commercial-grade NiTi
ribbons (0.9 s for loading/unloading and 2 s for heat transfer). b evolution of
temperature span at 0.17 Hz using TiNiCu ribbons. ¢ Comparison of temperature
span between NiTi and TiNiCu ribbons at 0.17 Hz. d frequency-dependent

temperature span using baseline commercial-grade NiTi ribbons. e simulated
temperature span with different NiTi mass ratios at 0.17 Hz. Mass ratio is the mass
between SMA#2 (high-temperature stage) and SMA#1 (low-temperature stage).
Error bars represent the measurement uncertainty of temperature span (see
uncertainty analysis section in Supplementary Information).

TiNiCu was increased by 82% and 85%, respectively, at the same
frequency of 0.17 Hz.

The 25% augmentation in the material-level adiabatic tem-
perature change (Fig. 2g) in TiNiCu successfully converted to a 28%
improvement in temperature span compared with the commercial-
grade NiTi (Fig. 3¢, and a consistent 26% improvement using a single
SMA ribbon can be found in Fig. S9). This observation indicated that
with proper system integration, the material-level enhancement
can be proportionally translated into a boost in system cooling
performance. Conversely, system cooling performance with
new caloric materials can be reasonably projected by their caloric
properties.

The above-mentioned temperature span was measured at an
optimum frequency of 0.17 Hz (0.9 s loading, 2 s heat rejection, 0.9 s
unloading, and 2 s cooling). This optimum frequency is slightly higher
than the optimum frequency (0.15 Hz) in our previous NiTi wire-based
refrigerator*, because SMA ribbons had a larger contact area, a lower
thermal contact resistance, and thereby superior heat transfer against
the heat sink and the heat source than SMA wires (Fig. 3d and Fig. S10).
Moreover, since the frequency-dependent temperature span is a result
of the competition between heat loss and heat transfer effectiveness, a
lower sensitivity of temperature span with regard to frequency (up to
1.5K over frequency spectrum of 0.18 Hz) in this study indicated that
the roller-driven eC refrigerator had better insulation and heat transfer
(reduced thermal contact resistance) between the SMA and heat sink
(source) than the wire-based refrigerator** (2.4K over 0.22Hz fre-
quency spectrum). Reducing the thermal contact resistance by
applying normal pressure and increasing contact area can further

increase the optimum frequency and the optimum temperature span
(Fig. S11).

The second SMA ribbon not only increases the temperature span
but also introduces an additional degree of freedom in system design,
which is the mass ratio between the two SMA ribbons. With the con-
straint of the total mass of 11.9 grams and constant materials thickness
and length, varying the mass ratio between SMA#2—the high-
temperature stage, and SMA#1—-the low-temperature stage, leads to
optimization of the cooling performance at a fixed cost, because the
weight and cost of SMAs all remain unchanged. Using the experi-
mentally validated dynamic system model (see Supplementary Infor-
mation for model details), we predicted the temperature span with
different mass ratios, ranging from 0.5 to 30 (Fig. 3e). A 22.1K tem-
perature span was predicted when the mass ratio was 30, representing
11.6% improvement from the baseline 1:1 design. The temperature span
is not significantly affected by the mass ratio because, ideally, it should
be an intensity variable independent of mass. However, mass ratios
deviating from 1:1 impel the imbalance of (un)loading torque between
SMA#1 and SMA#2, which may potentially degrade the work recovery
performance. Consequently, it is not necessary to switch to asym-
metric designs to pursue high temperature spans.

Since our goal is to deliver cooling below ambient temperature,
the pull-down performance and cooling power were also important. At
room temperature of 21 °C, the heat source temperature reached 10 °C
after 154 s when using TiNiCu ribbons, which is 49% faster than the
baseline NiTi ribbons (Fig. 4a). After 561 s, the heat source reached the
minimum of 7.7 °C, which was 17.8 °C below the heat sink temperature
and was also below the storage temperature requirement of wine
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refrigerators (12.8 °C). Although this target temperature could be
achieved using a single TiNiCu ribbon (Fig. S12), at an elevated ambient
temperature of 25°C, the temperature span (10.9 °C) is no longer
sufficient without cascading two SMAs.

We confirmed the optimum frequency of 0.17 Hz also applied to
cooling power at zero temperature span (Fig. 4b). At the optimum fre-
quency, the eC refrigerator with two TiNiCu ribbons achieved 4.5W
cooling power, resembling a 50% improvement from the baseline NiTi
ribbons (3 W, Fig. 4c). The refrigeration temperature span of using two
TiNiCu ribbons was 7.6 °C less than the load-free temperature span since
the heat sink rejected part of the eC heat to the ambient. In this case,
TiNiCu demonstrated 40% improvement (5.1°C) against the
commercial-grade NiTi, which was another indication for the reduced
hysteresis in TiNiCu. Although relaying two SMA ribbons promoted the
temperature span, there is always an additional temperature difference
between the two SMA ribbons as the driving potential for heat exchange,
which implies that part of the eC effect is neutralized inside the system.
Following the tradition in vapor compression refrigeration, such a
temperature difference was denoted as cascade temperature difference,
which increased with cooling power (Fig. S13). As a result, the maximum
cooling power using two cascaded SMA ribbons (Fig. 4c) was less than
doubling the maximum cooling power of a single SMA ribbon (Fig. S12).

One way to mitigate the cascade temperature difference problem is
by optimizing the mass ratio (Fig. 4d). First, because of hysteresis, in each
SMA ribbon, the rejected heat is always more than the absorbed heat.
Therefore, with the baseline 1:1 mass ratio, SMA#2 experiences a higher
heat flux than SMA#1. With more mass on SMA#2, the heat flux from the
IHX to SMA#2 can be reduced, thus reducing the cascade temperature

difference. As a result, adding more materials to SMA#2 is effective in
increasing cooling power. However, if the mass of SMA#1 falls below a
threshold, there are no sufficient caloric materials to pump heat from the
low-temperature heat source. Considering these two competing factors,
the optimum mass ratio is 9, corresponding to a cooling power of 6.7 W,
exceeding the 3.1 W cooling power with the symmetric mass ratio.

Efficient work recovery

The roller-driven eC refrigerator featured high-efficiency work recov-
ery between the two antiphase SMA ribbons. With the recovered
unloading work, the cycle-averaged input power to the actuator was
reduced by 44% compared to the input power of loading two TiNiCu
ribbons separately (Fig. 5a). In other words, loading the second TiNiCu
ribbon was almost free. Since TiNiCu alloy was known for lower hys-
teresis, recovering its unloading energy was more cost-effective
compared to the baseline NiTi®, and therefore, the reduction of
input power in the case of NiTi was less (36%).

To quantitatively evaluate the performance of work recovery, the
theoretical work recovery efficiency without considering kinetic
energy recovery was computed first, following the definition by
Kabirifar et al. *’ (see Methods section and Supplementary Information
for more details). This theoretical work recovery efficiency only
depends on the stress-strain curve of the SMA, which is affected by
materials properties, including hysteresis, elastic modulus, transfor-
mation strain, Clausius-Clapeyron coefficient, etc, and operating con-
ditions, such as (un)loading rate and temperatures. The stress-strain
curve at the same ambient temperature and (un)loading rate (Fig. 2a)
was used to evaluate the theoretical work recovery efficiency. Based on

Nature Communications | (2024)15:7203


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51632-y

e 5 55 J 2—zf- VI two-stage
f“’ oo e i" o ja e TiNiCu ribbons
8 I single NiTi 1II single NiTi III two-stage IV single TiNiCu YV single TiNiCu v
SMA#2 SMA#1 NiTi ribbons SMA#2 SMA#1 I/'
|
_ work recovery | /!
_ of % %
= work recovery ;/I 3.56 W %
= |
5 229W % P18
= 4t 3.89 .
)
o 3.09 3.22
2|
0
I I I 1Y \4 VI
b c

Theoretical without kinetic energy recovery
65.6%
67.2%

Measured with partial kinetic energy recovery

78.1%
72.1%

-

COP,

mat

I TiNiCu
I NiTi

COP,
without work recovery
1 1 1 1 1 1 //// 1 /I// 1
0% 20% 40% 60% 80% 100% O 1 5 12
Work recovery efficiency COP

Fig. 5 | Coefficient of performance of the roller-driven eC refrigerator.

a comparison of the time-averaged input power between a single SMA ribbon and
two SMA ribbons at zero temperature span. b comparison of theoretical work
recovery efficiency and measured work recovery efficiency. ¢ coefficient of

performance comparison between the baseline (without work recovery), system
COP with work recovery, and materials COP, at zero temperature span, i.e. heat sink
and heat source at - 294 K. The cooling power corresponding to the TiNiCu was
4.2 W at 0.12 Hz. The cooling power corresponding to the NiTi was 2.8 W at 0.12 Hz.

these, the two materials showed almost identical theoretical work
recovery efficiency (Fig. 5b).

The novel roller-driven mechanism facilitates measured work
recovery efficiencies surpassing their theoretical counterparts without
kinetic energy recovery. The additional 12.6% work recovery efficiency
in the case of TiNiCu was an indicator of a successful recovery of
kinetic energy: the released unloading work from one SMA ribbon
accelerated the rotating parts in the eC refrigerator, whereas such
kinetic energy cannot be easily recovered in eC cooling systems with
reciprocating antiphase SMAs. As far as we know, this is the first time
measurement of work recovery efficiency, and also the first time report
of recovering kinetic energy.

The high-efficiency work recovery leads to the measured system
coefficient of performance (COPsys, “plugged into electricity outlet” COP)
of 1.27 superior to the baseline COPsys of 0.70 without work recovery
(Fig. 5¢c, see Methods section), both at zero temperature span (heat sink
and heat source at ~ 294 K). The COPsys of TiNiCu is 35% higher than NiTi,
because of less hysteresis on the materials level, more caloric effect, and
higher work recovery efficiency. Unfortunately, the system-level COP is
still much less than the materials COP, i.e. 11.5 in TiNiCu and 5.1 in NiTi
(see Methods section). More efficient utilization of the eC effect by

promoting the heat transfer between SMA and solid-state heat exchan-
gers has the potential to further increase the COPsys to 2.5 (Fig. S14).

Discussion

We estimated the recovered kinetic energy based on the angular
momentum of the rotating parts in the eC refrigerator (see Supple-
mentary Information for more details). In each cycle, the acceleration
of the rotating parts requires 0.72] kinetic energy, whereas the dif-
ference in unloading work between the measured case with partial
kinetic energy recovery and the theoretical limit without considering
kinetic energy was 0.8] (Fig. 5b). Considering the measurement and
estimation uncertainties, this can be considered as a close match,
which further supported the capability of recovering part of the kinetic
energy in the proposed roller-driven mechanism. The acceleration or
increase of angular momentum of the rotating assembly driven by the
unloading energy can be visualized by the sharp variation of directly
measured net torque (Fig. S17). From the same analysis, it is clear that
further increasing the angular momentum of the rotating parts can
theoretically recover even more kinetic energy and achieve a higher
work recovery efficiency. However, an engineer should keep in mind
the tradeoff between the margin of further increasing the work
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recovery efficiency and the enlarged system weight and initial cost due
to the rise in angular momentum. To achieve higher work recovery
efficiency, continuous rotating is necessary. A specific design of the
moving path of SMAs with sufficient quasi-stable time for direct con-
tact heat exchange while maintaining a constant rotation speed of the
actuator should be investigated in the future.

It is interesting to find out that an asymmetric mass ratio is bene-
ficial to cooling power. In fact, this is consistent with the conventional
wisdom in the refrigeration industry: a multi-stage cascade thermo-
electric cooling module contains more materials in the high-
temperature stage®, such that the rejected heat from the low-
temperature stage can be effectively handled by the proper amount of
materials in the high-temperature stage. Similarly, a two-stage cascaded
vapor compression refrigeration system features a higher flow rate and
capacity also in the high-temperature stage®®. However, the asymmetric
mass ratio brings a new challenge of asymmetric unloading torque. How
to maintain high unloading efficiency while optimizing cooling power
via asymmetric mass ratio should be investigated in the future.

In a previously reported prototype®, all SMAs were synchronized
without any phase delay, whereas the two SMAs experienced a 180°
phase difference from each other in this study (Fig. S15). The phase
difference led to a slight variation in the heat transfer characteristics of
the I[HX. In the case of ref. 38, the IHX absorbed heat from SMA#1 in the
first half cycle and then rejected heat to SMA#2 in the second half
cycle, while in this study, SMA#1 simultaneously rejected heat to SMA2
through the IHX. Although the 180° phase difference is essential in the
eC refrigerator to facilitate work recovery, our simulation results
indicated that the phase difference had a trivial impact on both tem-
perature span and cooling power (Table S2).

In summary, we developed an efficient fluid-free eC refrigerator
by the synergy of macro-scale polycrystal TiNiCu alloy with higher
intrinsic efficiency and kinetic energy recovery using a novel roller-
driven mechanism. The nanocrystalline structure, coupled with the B2-
B19 transformation pathway, confers upon the TiNiCu ribbon reduced
hysteresis and enhanced utilization of latent heat. The relayed heat
pumping successfully exceeded the materials’ adiabatic temperature
change by 1.1times, thus achieving a load-free temperature span of
25.4K and reaching a refrigeration temperature of 7.7 °C in 560s at
0.17 Hz operating frequency. The 25% enhanced caloric effect in
TiNiCu directly translated to a 28% improvement in temperature span
from the baseline commercial-grade NiTi. The antiphase configuration
with sufficient angular momentum in rotating parts effectively recov-
ered 0.72] kinetic energy per cycle, resulting in 78% work recovery
efficiency that transcended the theoretical prediction of 65% without
kinetic energy recovery. The nexus of efficient TiNiCu materials and
high-efficiency work recovery resulted in a system COP of 1.27. More
efficient utilization of the caloric effect by promoting the heat transfer
between SMA and solid-state heat exchangers will hopefully thrust the
system COP one more step closer to the materials COP of over 11.

Methods

Materials preparation

The commercial-grade NiTi ribbons with a nominal composition of
Niso.gTiso in atomic fraction were obtained from Baoji Seabird Metal
Materials Co. Ltd. As received NiTi sheets were cut into target ribbon
shapes. To achieve the kilogram-level TiNiCu sheet for producing
multiple ribbons, a 7 kg alloy ingot with a nominal composition of
Tigo,Nigq sCug (at.%) was prepared by induction melting. The ingot was
forged and hot-rolled to obtain a sheet with a thickness of 0.85 mm.
Then, the hot-rolled sheet was annealed at 900 °C for 0.6 ks to pro-
mote the dissolution of the second phase. The 0.85 mm sheet was then
cold rolled at room temperature to further reduce its thickness to
0.64 mm, producing a thickness reduction of 25%. The cold-rolled
ribbon was low-temperature annealed at 350 °C for 1.2 ks in order to
obtain a nanocrystalline structure.

Materials characterization

The microstructure and chemical composition of the TiNiCu ribbon
were analyzed using a JEM-F200 Transmission Electron Microscope
(TEM) at room temperature equipped with an Energy Dispersive X-ray
Spectrometer (EDS). Differential scanning calorimetry (DSC) mea-
surements were performed using the Netzsch 214 calorimeter with a
heating/cooling rate of 10°C min™. The structural transformation
upon cooling was determined by a Bruker D8 ADV ANCE X-Ray Dif-
fractometer (XRD) with Cu Ka radiation. Tensile tests were conducted
on the dog-bone samples by an Instron-5969 mechanical testing
machine equipped with a video extensometer. The strain rate of
0.0005 and 0.04s™ was used to approximate the isothermal and
adiabatic conditions, respectively. The temperature change was
recorded by a K-type thermocouple welded on the surface of the
samples. The temperature distribution on the surface of TiNiCu ribbon
during quasi-adiabatic loading and unloading was captured by an
infrared camera (FLIR A651).

Prototype characterization

Temperatures of the heat sink (hot side aluminum radiator), heat
source (copper block), and intermediate heat exchanger (copper block)
were measured using miniature T-type thermocouples with a type B
standard uncertainty ug of +0.29 K (see Supplementary Information for
more details). The temperature span of the eC refrigerator was deter-
mined by AT a0 = [ (Tink — Tsource) A OVer the steady-state period.

The energy balance method was applied to directly measure
cooling power. When the temperature span reaches the steady state,
the input power to the heater equals the cooling power, i.e. Q. = Ppeter-
A 0.2 mm thick polymer film heater was cut to fit the geometry of the
copper block heat source. The polymer film heater was powered by a
programmable DC power source (ITECH IT6942B) with a total uncer-
tainty of £0.2W. To minimize heat loss to the ambient, 3 mm thick
foam insulations were used to mount the polymer film heater.

The input power to the motor was measured by a power meter
(Qingzhi 8775B1) with a total uncertainty of +0.03 W.

The torque to the roller was measured by a torque meter (DAY-
SENSOR DSN-200) that was installed between the roller and the output
shaft of the gearbox (Fig. S2). The range of measured torque is from
—200 Nm to 200 Nm, with an uncertainty of 0.2 Nm.

All analog signals were sampled at 20 Hz and recorded using NI
cDAQ chassis, in which NI cDAQ 9214 module with cold-junction
compensation was used to record temperature readings. The digital
reading from the power meter and the torque meter was transmitted
to LabVIEW following the RS485 protocol.

Work recovery efficiency

The work recovery efficiency evaluates the effectiveness of recovering
unloading work and is defined as the ratio between recovered
unloading work and total unloading work, as shown in Eq. (1).

_ recovered unloading work _ 1 irrecoverable unloading work
WR unloading work unloading work

@

In a typical antagonistic work recovery scheme, at the beginning
of the unloading process, the unloaded eC unit releases the highest
force, while the antiphase eC unit being loaded only requires the
minimum force, resulting in a negative input force (Fig. S16). Without
kinetic energy recovery, the unloading work in the negative input force
region cannot be recovered”, and this irrecoverable unloading work
degrades the work recovery efficiency in Eq. (1).

In the case of the two-stage eC refrigerator, the mass and length of
the two SMA ribbons are different. Thus, the loading/unloading stress-
strain characteristics between the first half cycle and second half cycle
are not identical, leading to a minor difference in irrecoverable
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unloading work (Fig. S16). The irrecoverable unloading work is visually
represented by the sum of two gray areas in Fig. S16, while the total
unloading work is the sum of gray and blue areas. Due to the slight
difference in mass, the first half and second half cycles should be
integrated separately, i.e. irrecoverable unloading work = [S,|+S;],
and unloading work = [S;+S,|+|S;+5,|, and details of the calcula-
tion can be found in Egs. (S1-S3). Parameters are listed in Table S5.
The angular momentum in the roller can recover part of the
unloading work in the negative input force region. The system work
recovery was calculated using Eq. (2) based on measured data.

(fSMA#]Pdt + fSMA#ZPdt — fSMA#1+SMA#2Pdt) Mmech
(1S1+ S| +[S5+S4 )V

2

1TwR, exp

where P is the measured power, (W), and .., is the mechanical effi-
ciency of the actuator. |S, +S,| +|S; +5,] is a graphical representative
of the unloading work, (J m™), and Viis the volume of SMA, (m®). Details
of obtaining Eq. (2) can be found in Egs. (54-S10).

Coefficient of performance

The material-level COP, COP,,;, Was calculated based on the com-
monly used definition at zero temperature span®”, i.e.
COP e = T(AS — Sgen)/[(Th — T)AS+ (T + T)2Sge,], Where As s
entropy change due to martensitic transformation, (J kg™ K™), deter-
mined by As= %. c, is the specific heat capacity, J kg™ K™), AT,q is
the adiabatic tenflperature change during unloading, (K), T}, is the
temperature of the heat sink (K), and T is the temperature of the heat
source, (K). The entropy generation Sy, = § de/2pT, where § ode
denotes the enclosed area of the isothermal stress-strain curve at
temperature of T =22 °C (Fig. S7).

The system-level COP, COPsys, was calculated using the measured
cooling power and the measured input power as COPy=Q./W,
where Q. denotes the measured cooling power at zero temperature
span (W) and W is the time-averaged input power to the actuator (W).
The input power to the actuator is the time average of
instantaneous power over the loading time of both SMA rib-
bons, W = [y + smanaPAE/ Lioading smas1 + smasa-

The system-level COP without work recovery was estimated using
the sum of time-averaged input power to the actuator when loading
each SMA ribbon separately.

Parameters related to COP can be found in Table Sé.

Data availability
The data supporting the findings of this study are included within the
article and its Supplementary Information.
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