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As a class of promising micro- or small-scale energy conversion technologies, heat-driven oscillating systems
have drawn growing attention in heating, cooling, and power generation, thanks to their high reliability and high
efficiency, especially for the conversion of lower-grade heat in distributed power generation and cogeneration
applications. Representative heat-driven oscillating systems include single-phase (e.g., Stirling cycle systems,
thermoacoustic systems), and two-phase alternatives (e.g., thermofluidic oscillators, etc.). This vision article
reviews the articles featured in the Special Issue ‘Heat-Driven Oscillating Systems for Sustainable Heating,

Cooling, and Power Generation’, and summarises the state-of-the-art advances in various heat-driven oscillating
systems for heating, cooling, and power generation applications, with an emphasis on Stirling-cycle and ther-
moacoustic systems, which are currently the most mature. Finally, challenges and prospects within this growing
and important domain are identified.

1. Introduction, context and motivation

A growing need for the more efficient use of primary energy re-
sources, energy security, and increasing environmental and sustain-
ability concerns have given rise to a significant and urgent interest in
developing advanced sustainable energy conversion systems [1-5]. The
most mature technology for the conversion of thermal energy to work
(mechanical, hydraulic, or electrical) is the Ranking cycle, which stands
as the natural benchmark for any innovative technology aimed at
distributed power generation when utilising heat sources up to
~700-800 °C [6]. At the lower end of this temperature range, up to
~300-400 °C, the use of water as the working fluid is typically replaced
by a wide range of organic compounds in organic Rankine cycles
(ORCs). Significant efforts have been made in recent decades to identify
optimal fluids for ORC systems at different temperatures, scales and
applications, including for direct power generation from a variety of
waste heat [7,8] or renewable (e.g., geothermal or solar) heat [9,10]
sources, as well as for cogeneration [11]. Advanced design approaches
in this space integrate system optimisation with working fluid molecular

design methodologies [12-14]. ORC (and, in general steam-Rankine
cycle) systems are an excellent technology in this space, yet they rely
on components that are considered as having high engineering
complexity and capital cost (e.g., turbines) [15], while requiring sus-
tained maintenance to ensure performance.

In this context, heat-driven oscillating systems have been proposed
as a potential alternative to the aforementioned systems in smaller-scale
applications. Heat-driven oscillating systems represent a distinctive
category of energy conversion technologies, in which sustained, high-
intensity oscillations of thermodynamic variables, such as pressure,
temperature, and volume, arise under a continuously maintained tem-
perature gradient between external heat sources and sinks. Represen-
tative heat-driven oscillating systems include Stirling cycle systems
[16], thermoacoustic systems [17], thermofluidic oscillators (TFOs)
[18], etc. These heat-driven oscillating systems can convert thermal
energy into mechanical work (in the form of reciprocating pistons or
oscillatory fluids), which can be further utilised to produce electricity,
pump heat, or produce a cooling effect. The most attractive advantages
of these systems lie in the fact that they have no or few moving parts and
seals, which results in high reliability and low maintenance costs.
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Nomenclature

Abbreviations

AHX ambient-end heat exchanger
CHP combined heat and power
CSP concentrated solar power
FPSC free-piston Stirling cryocooler
FPSE free-piston Stirling engine

FPSG free-piston Stirling generator

HHX hot-end heat exchanger

ICE internal combustion engine

KSE kinematic Stirling engine

LM-TEG liquid metal triboelectric generator

NCL natural circulation loop

NFTEG non-contact fibre-reinforced rotary triboelectric
generator

ORC organic Rankine cycle

TFO thermofluidic oscillator

TRL Technology Readiness Level

Regenerator HHX

Power piston AHX

Fig. 1. Schematic of a Stirling engine. A regenerator filled with porous mate-
rials is sandwiched between an AHX (at a temperature T,) and a HHX (at a
temperature Tj). A power piston and a displacer reciprocate next to the AHX
and the displacer piston, respectively. Gas parcels reciprocating in the regen-
erator experience a thermodynamic cycle consisting of compression, heat
addition, expansion, and heat rejection, thereby enabling thermal energy sup-
plied from an external source to be transformed into mechanical power.

Moreover, their capacity to utilize diverse heat sources, such as alter-
native fuels, solar energy, biomass, and nuclear energy, positions them
as a promising solution to achieve sustainable heating, cooling, and
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power generation.

This vision article is part of the special issue entitled ‘Heat-driven
oscillating systems for sustainable heating, cooling, and power genera-
tion’. It summarises the state-of-the-art advances in various heat-driven
oscillating systems for different applications, including low-grade heat
recovery, solar heat utilisation, refrigeration and cryogenic engineering,
and thermal energy harvesting, identifies the challenges, and prospects
within this growing and important domain. The article is arranged as
follows: Section 2 introduces the latest progress of a range of heat-driven
oscillating systems, with a particular focus on Stirling-cycle systems and
thermoacoustic systems. Section 3 provides the outlook and future
challenges of different heat-driven oscillating systems.

2. Current research areas, trends and challenges
2.1. Stirling-cycle systems

Stirling-cycle systems are machines that operate based upon forward
or reverse Stirling thermodynamic cycles, and these machines mainly
include Stirling engines [19], Stirling refrigerators or cryocoolers [20],
and Stirling heat pumps [21].

Fig. 1 illustrates the schematic of a Stirling engine. It mainly in-
cludes, from left to right, a power piston, an ambient-end heat exchanger
(AHX), a regenerator, a hot-end heat exchanger (HHX), and a displacer.
According to whether there is a mechanical linkage between the power
piston and the displacer, the Stirling engine can be divided into two
types, i.e., the kinematic Stirling engine (KSE) and the free-piston Stir-
ling engine (FPSE), as shown in Fig. 2. The Stirling engine is an external
combustion engine in which the working fluid undergoes the forward
Stirling thermodynamic cycle [22]. Due to the external combustion
nature, the Stirling engine can use a diverse variety of heat sources,
including conventional fossil fuels [23,24], biomass [25], solar energy
[26], and nuclear energy [27]. When using fossil fuels or biomass as fuel,
in contrast to an internal combustion engine (ICE), the Stirling engine
can easily achieve a very low emission level since the combustion takes
place outside the engine, and it can be readily controlled [28]. Besides,
the ideal thermal efficiency of a Stirling engine is equal to the Carnot
efficiency. These advantages enable the Stirling engine to be a promising
candidate for combined heat and power (CHP) systems, space nuclear
power systems, concentrated solar power (CSP) systems, and underwa-
ter power supplies.

Both a Stirling refrigerator and a Stirling heat pump are based on the
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Fig. 2. Typical configurations of (a) KSE and (b) FPSE [28]. In the KSE, the power piston and the displacer piston are rigidly connected via a mechanical mechanism,

while in the FPSE there is no mechanical linkage between the two pistons.
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Fig. 3. Schematics of: (a) LPSE [45], and (b) free-piston Stirling heat-driven cooler [46].The LPSE includes four identical units. Each unit comprises a U-tube section
containing a liquid column and a gas column section. The free-piston Stirling heat-driven cooler includes three parts, i.e., the engine part, the cooler part, and the

linear alternato part.

reverse Stirling cycle, and they use external input mechanical energy to
pump heat from a low-temperature heat source to a high-temperature
heat source [29]. Compared with vapour compression refrigeration
technology, the Stirling refrigerator avoids the use of chlorofluoro-
carbon refrigerants and their effect on the environment, so it is an
environmentally friendly refrigeration technology [30]. However, Stir-
ling refrigerators have not received much attention in moderate tem-
perature refrigeration applications till now [30], mainly because of the
higher capital cost compared to vapour compression refrigeration
technology. In contrast, they draw more attention in cryogenic tem-
perature applications, such as high-temperature superconducting ap-
plications [31], gas liquefaction [32], space missions [33], night vision
equipment [34], ultra-low temperature freezer [35], and similar.

Unlike vapour-compression heat pumps, the working fluid (generally
helium) in a Stirling heat pump is a gas throughout the working process,
and it does not undergo any phase change [36]. So, the Stirling heat
pump will not be limited by either condensation or evaporation tem-
peratures of the working fluid, and it has the advantage of wide tem-
perature range adaptability [37]. Thanks to this advantage, Stirling heat
pumps have recently attracted more and more attention, especially in
building heating and hot water supply [38], as well as high-temperature
industrial applications [39,40].

In this Special Issue, Zhou et al. [41] performed a performance
analysis on an autonomous circulation miniature integrated nuclear
reactor (ACMIR), which includes a free-piston Stirling generator (FPSG).
The system employs an integrated nuclear reactor design. Compared
with the scheme that integrates FPSGs with space nuclear reactors using
heat pipes [42,43], the proposed concept is highly integrated and
lightweight. A multi-physics coupling model of the ACMIR is developed,

and the model includes a sub-model for thermodynamic and dynamic
characterisation of the FPSG. With the aid of the model, the performance
of the ACMIR is evaluated under steady-state conditions and reactivity
insertion accidents. The results indicate that under steady-state opera-
tion, the system could output 4.7 kW of electric power, and the ACMIR's
total reactivity oscillation deviation is within +0.5 pcm.

Wong et al. [44] evaluated the performance of a y-configuration
Stirling engine under four different motion profiles of the displacer and
power piston. They found that the proposed hybrid motion profile, in
which the displacer's motion follows a non-sinusoidal rise-dwell-fall-
dwell while the power piston employs sinusoidal motion, outperforms
the other three considered motion profiles. This is because the hybrid
motion profile introduces dwell periods in the displacer motion, which
enables the working fluid to remain for a longer time at each heat
exchanger. So, the heat transfer could be enhanced, and the output
performance of the Stirling engine could be improved.

To meet rural electricity demands, Tomihira et al. [45] proposed
using a liquid piston Stirling engine (LPSE) with four identical sub-units
to drive a self-rectifying turbine, thus to produce electricity with a rotary
electric generator. Fig. 3(a) gives the schematic of the LPSE. They
explored the optimal combination approach between the LPSE and the
turbine by testing with orifice plates, and they also considered more
scenarios with the aid of numerical simulation, i.e., installing orifice
plates in two adjacent LPSE sub-units or all four sub-units. When the
pipe diameter increases to 200 mm, the proposed power generation
system could achieve a thermal-to-electric efficiency of 7.9% in simu-
lations, at a gas temperature ratio (TI/.ITA, Ty: heating temperature; Th:
ambient temperature) of 1.56. The corresponding relative Carnot effi-
ciency is around 20%.
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Fig. 4. Schematic of a (travelling-wave) thermoacoustic engine. The ther-
moacoustic engine has a looped tube, which includes an AHX (at a temperature
T,), a regenerator, a HHX (Tp), a thermal buffer tube, another AHX (T,), and a
feedback path. In comparison with Fig. 1, the two pistons are replaced by
acoustic components. The gas parcels in the thermoacoustic engine undergo a
similar thermodynamic cycle to that in a Stirling engine, and convert external
heating power into acoustic power W,.

Yang et al. [46] developed a free-piston Stirling heat-driven cooler,
which integrates a FPSE with a free-piston Stirling cooler by using a
linear alternator, as shown in Fig. 3(b). They developed a numerical
model to evaluate the performance of the integrated system, and they
also built a test rig to validate the accuracy of the model. In experiments,
the test rig can reach 259 K when the heating temperature for the Stir-
ling engine is 723 K. In addition, it can provide a cooling power of 60 W
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with a COP of 0.107. In another study [47], the authors evaluated the
performance of the developed system when it operates as a free-piston
Stirling trigeneration system, and they found the numerical model's
deviation is within 10%. During tests, the highest efficiency of the linear
alternator is 4%, and the maximum cooling capacity of the trigeneration
system is 50 W.

To meet the deep space power supply application, increasing the cold
end temperature of an FPSG could reduce the volume and mass of the
radiant panels effectively. Therefore, Liu et al. [48] explored the effects
of cold end temperature on the performance of a 100-W FPSG prototype
by a combination of numerical simulation and experiment, and they
found that when the heating power remains constant, with the cold end
temperature increases, the heat loss at the hot end rises linearly, and the
thermal efficiency declines sharply. When the cold end temperature is
around 500 K, and the hot end temperature 1060 K, the prototype was
reported as capable of achieving a thermal-to-electrical efficiency of
26.8%.

The piston offset may deteriorate the performance of an FPSG. To
address this, Yang et al. [49] proposed to use a conical orifice plate to
inhibit piston offset. They first identified the internal structure of the
conical orifice plate through numerical simulation, then they applied the
conical orifice plate to an FPSG prototype to explore the effectiveness of
the proposed inhibiting approach. The results indicate that the use of the
conical orifice plate could significantly inhibit the piston offset without

1 X #2

AHX / AHX#2 - Main / Secondary Ambient

Heat Exchanger

REG - Regenerator

HHX - Hot Heat Exchanger
TBT - Thermal Buffer Tube
FT#1 / FT#2 - Feedback Tubes
ALT - Alternator

A
|

e

Heat source

cascade cooler

=y

- r
engine =

Y

- - - -

X
=2

<
<
<

Fig. 5. Schematics of: (a) the two-stage looped thermoacoustic electric generator [63], and (b) the new heat-driven thermoacoustic refrigeration system [64]. The
two-stage looped thermoacoustic electric generator includes two identical units, and each unit comprises a thermoacoustic engine and an alternator.
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Fig. 6. Illustrations of a small-scale liquid hydrogen storage tank and possible Taconis oscillations within the cryogenic pipelines [68]. The significant temperature
difference between the two ends of the cryogenic hydrogen pipe would lead to Taconis oscillations.

obviously sacrificing efficiency.

As a special heat-driven Stirling heat pump, Vuilleumier heat pumps
have drawn much attention in recent years [50]. Yuan et al. [51] pro-
posed to change the rod's diameter to regulate the capacity of Vuil-
leumier heat pumps, aiming to replace the conventional heating
temperature regulation method. They compared the new method and
the conventional method numerically, and found that a larger variation
in capacity and a smaller reduction in COP could be achieved with the
proposed regulation method than with the conventional regulation
method.

The linear compressor is a key component of a free-piston Stirling
cryocooler (FPSC) [52]. Xi et al. [53] developed a miniature moving
magnet linear compressor prototype with a magnetic spring. The
structural parameters of the linear compressor are specially optimised to
improve the properties of the magnetic spring. Then they coupled it with
a Stirling expander to form a FPSC, and the cryocooler achieves a
cooling capacity of 1.35 W at 150 K, with a linear compressor efficiency
of 82.7%.

In related work, Ma et al. [54] examined the influence of trace ni-
trogen concentrations ranging from 50 to 150 ppm on the performance
of a Stirling-type pulse tube cryocooler operating at approximately 40 K.
Their results revealed pronounced refrigeration-temperature oscilla-
tions over the range of 38-52 K, which were attributed to the presence of
trace nitrogen. They also proposed a process of repeated nitrogen phase
transitions at the cold end to explain the reason for temperature
fluctuations.

2.2. Thermoacoustic systems

Thermoacoustic systems are machines that exploit the interaction
between high-amplitude sound waves and heat to either generate power
from heat (engines) or pump heat from a low-temperature heat source to
a high-temperature heat source with sound (refrigerators/heat pumps)
[55,56]. Fig. 4 gives the schematic of a travelling-wave thermoacoustic
engine. Compared with conventional Stirling systems, thermoacoustic
systems generally rely on a simpler mechanical architecture, as they
require fewer moving components for operation [57,58]. This implies
that thermoacoustic systems have higher reliability and longer lifespan.
While the reduction in moving parts means some moving parts in con-
ventional Stirling systems must be replaced by acoustic tubes in ther-
moacoustic systems, like the displacer in a Stirling engine, which is
replaced by a feedback tube in a thermoacoustic-Stirling engine [57].
Therefore, the thermodynamic efficiency of thermoacoustic systems will
be sacrificed to some extent since more power losses are usually asso-
ciated with these acoustic tubes.

In this Special Issue, Ahmed et al. [59] explored the feasibility of
using liquid metal triboelectric generators (LM-TEGs) as acoustic-to-
electric conversion devices in a heat-driven thermoacoustic power
generation system. They obtained charge and power densities of 388 pC/
m? and 1.7 W/m?, respectively, on a developed acoustically-driven LM-
TEG test rig. In another work, they considered using another type of

triboelectric generator—non-contact fibre-reinforced rotary triboelec-
tric generator (NFTEG) [60], to achieve acoustic-to-electric conversion
in heat-driven thermoacoustic power generation systems. In experi-
ments, when CO, is used as the working gas of the acoustic-driven
NFTEG system, and the drive frequency is 35 Hz, an electric power
output of 1.46 W is obtained on the developed NFTEG prototype.

Guo et al. [61] performed fundamental research in which they
analysed the onset and dynamic characteristics of a standing-wave
thermoacoustic engine with general impedance boundaries, and they
validated the developed model by using thermoacoustic instability ex-
periments. Furthermore, they revealed how variations in geometric
configuration and electrical parameters affect the initiation of ther-
moacoustic oscillations and the subsequent dynamic behavior of the
engine.

Korobko et al. [62] also concentrated on the onset characteristics of
standing-wave thermoacoustic engines. They found that a longitudinal
temperature gradient in the thermoacoustic stack is not a sufficient
condition for spontaneous thermoacoustic oscillations, while thermo-
convective streams initiate spontaneous thermoacoustic oscillations,
which has been proven in both experiments and CFD modelling. In
addition, the dynamic characteristics of heaters affect the thermoa-
coustic engine's onset significantly.

To recover waste heat from an ICE, Baccoli et al. [63] designed a two-
stage looped thermoacoustic electric generator (Fig. 5(a)) with the aid of
DeltaEC software, and the designed generator could output 300 W
electrical power at a hot temperature of 530 K. Then, they conducted a
computational fluid dynamics analysis on the thermoacoustic electric
generator by using OpenFOAM to consider the nonlinear thermo-fluid
dynamics. Furthermore, the DeltaEC model is recalibrated by the CFD
analysis results, and a good agreement has been achieved between the
two different numerical methods.

Wang et al. [64] proposed a new cascade configuration for the cooler
in a heat-driven thermoacoustic refrigeration system. The system in-
cludes three identical stages, and in each stage, they used a thermoa-
coustic engine to drive a cascade thermoacoustic cooler, with a
gas-liquid resonator as the phase-shifter (Fig. 5(b)). They numerically
compared the new cascade configuration with a conventional heat-
driven thermoacoustic refrigeration system and found that under the
identical temperature settings, the COP of the triple-cooler cascade
system is 2.5 times that of the conventional system, showcasing signif-
icant potential for utilising high-temperature heat sources.

Zare et al. [65] studied the dynamics and performance of a dia-
phragm thermoacoustic Stirling oscillator using a combination of the
describing function approach and a genetic algorithm. The obtained
numerical results are compared with experimental results, and it is
concluded that the proposed describing function method can accurately
analyse the stable limit cycle and performance of diaphragm thermoa-
coustic Stirling oscillators.

While thermoacoustic oscillations can be deliberately exploited for
energy conversion, their spontaneous occurrence is undesirable in
combustors, burners, or cryogenic systems. In cryogenic systems, these
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Fig. 7. Schematic of a two-phase TFO [80]. When the TFO operates, the
working fluid experiences periodical evaporation and condensation between
the hot-end and cold-end heat exchangers, which induces a sustained fluid
oscillation.

oscillations, known as Taconis oscillations [66,67], can generate severe
vibration issues in pipelines and increase heat leak to cryogenic vessels.
Helmbholtz resonators provide a passive means of suppressing such in-
stabilities. On this basis, Gu et al. [68] performed a theoretical and
numerical investigation on a coupled system that includes a cryogenic
hydrogen tube and a Helmholtz resonator, as shown in Fig. 6. They
explored the effects of the Helmholtz resonator's key geometric param-
eters on the acoustic performance of the coupled system. The results
indicate that enlarging the Helmholtz resonator and putting the Helm-
holtz resonator close to the centre of the hydrogen tube could mitigate
the Taconis oscillations effectively.

2.3. Other heat-driven oscillating systems

An interesting subset of heat-driven oscillating systems is a class of
technologies referred to as TFOs [18,69], which are a class of thermo-
dynamic heat converters that can utilize lower-grade external heat
sources. TFOs include single-phase systems, such as Sondhauss tubes
[70,71], standing-wave thermoacoustic engines [72], and the Fluidyne
engine [73], amongst other, as well as two-phase alternatives. Two-
phase TFO technologies (as shown in Fig. 7) are based on unsteady
thermodynamic heat engine cycles, with periodic phase change under-
gone by organic working fluids [74,75]. Owing to the higher heat
transfer coefficients of boiling and condensation, two-phase TFOs can be
more power dense than their single-phase counterparts, and are well
suited to the conversion of low-grade heat into hydraulic work for fluid
pumping [76], pressurisation [77], or CHP applications [78]. Although
these technologies, similar to all thermodynamic systems aimed at low-
grade heat conversion, have inherently low efficiencies (limited by the
low heat-source temperature), TFOs usually have no [18,69] or few [79]
moving parts and dynamic seals. Therefore, the capital, operating and
maintenance costs of these technologies are low, positioning them as
suitable for distributed energy provision.

Natural circulation loops (NCLs) are a type of passive thermal
management system that operates without mechanical pumps, using
buoyancy-driven flow for heat transport [81]. Since NCLs operate
without mechanical pumps, the risk of failure, as well as maintenance
and operating costs, is reduced. So, they have shown promising pros-
pects in energy applications, such as solar thermal systems, advanced
nuclear reactors, geothermal power plants, electronics cooling systems,
and so on. NCLs have also been employed in FPSCs for heat transport
[82]. In this Special Issue, Hashemi-Tilehnoee et al. [83] contributed a
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review paper, which summarises the latest research progress in NCLs,
meanwhile recommending a future research roadmap in this field.

3. Outlook and future challenges

Stirling engines were invented as early as 1816 [84], and later, the
innovation of the FPSE configuration made this technology more reli-
able and compact [85]. After around 210 years of development, nowa-
days, Stirling engines have been deployed in some specific application
scenarios, such as CSP systems, CHP systems, and silent submarines. For
these applications, the Technology Readiness Level (TRL) of the Stirling
engine is between 7 and 9. It has great potential to be used in space
nuclear reactor power systems in the near future, since the ground test
results were promising [27]. Currently, for space nuclear reactor power
systems, the TRL of Stirling engine is assessed to be 6 [86]. For CSP and
CHP applications, currently, high capital costs act as the main barrier to
widespread penetration of this technology, though they could achieve
significant environmental and cost savings. For example, Stamford et al.
[86] assessed the life-cycle environmental and economic impacts of
Stirling engine CHP unit in the UK context, and they concluded that the
life-cycle environmental and economic performance of Stirling engine
CHP unit is inferior to that of conventional solutions, because of its low
on-site efficiency. Therefore, reducing the capital costs of the Stirling
engine while maintaining high on-site operational efficiency is a future
trend of this technology [28,87]. Currently, typical output power of
Stirling engine is from several W to several 100 kW, and multi-megawatt
systems are under development for defence applications [88].

Besides, against the background of grid decarbonisation and carbon
neutrality, using renewable energy sources (e.g., solar and biofuel) to
power the Stirling engines, meanwhile integrating with thermal energy
storage [89], could promote their wider applications. Some attempts to
couple solar panels/collectors with Stirling engines for the provision of
heating and electricity to households have been made in recent years
[24,90,91]. However, the initial capital costs of such a hybrid system are
high and the payback time is long at the current stage.

In contrast to Stirling engines, Stirling refrigerators, especially low-
temperature ones, have found more practical applications in infrared
detectors, optical and electronic devices, and superconducting equip-
ment. Future research directions include further increasing the cryo-
coolers' lifespan and reliability, developing high-capacity Stirling
cryocoolers for gas liquefaction [92], and with lower cooling tempera-
tures for pre-cooling of sub-K cooling systems [93].

As for Striling heat pumps, they have not received much attention
until the recent decade [37], and this may be because of the ever-
increasing need for carbon emission reduction worldwide. Khan et al.
analysed the HighLift heat pump developed by Olvondo Technology
using exergy analysis and life cycle assessment methods [40]. They
found that with increased operating time, Stirling heat pump is more
environmentally friendly than boilers using traditional energy sources,
and can provide lower exergy losses. Currently, there are several
demonstration applications of Stirling heat pumps in the industrial
sector in Norway [94] and Sweden [40], while their capital costs remain
high. So, this technology requires further inroads to reduce capital costs
and operational costs. Besides, the integration of renewable energy
(such as solar energy, wind energy, biomass energy, etc.) with Stirling
heat pumps will be an important development trend since the use of
renewable energy sources will lower the energy (generally fossil fuel or
electricity from fossil fuel) consumption of Stirling heat pumps and gain
energy-saving benefits [95].

In recent years, one-way oscillating flow cycle engines [96-98],
coolers [99-101] and heat pumps [102] have been proposed, which are
based on a thermodynamic cycle with two isochoric and two adiabatic
processes. They have the potential to reduce the irreversibility in con-
ventional Stirling cycle systems [103], while experimental validation is
highly desired.

Thermoacoustic systems are a promising technology that can convert
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Table 1
Summarize of maturity level, advantages and challenges of different heat-driven oscillating systems.
Heat-driven oscillating Applications Maturity level Advantages Challenges
systems
Stirling-cycle systems Engines/ Mature, commercially available e High efficiency e High capital costs
generators o High reliability (especially for e Stringent manufacturing requirements

Refrigerators Mature, commercially available

Heat pumps o Kinematic ones: partly
commercially available
o Free-piston ones: prototypes,
under R&D
Thermoacoustic systems Engines/ Prototypes, under R&D
generators
Refrigerators Prototypes, under R&D
Heat pumps Prototypes, under R&D
Thermofluidic oscillators Engine/pump Prototypes, under R&D

o High COP

Low capital, operating and
maintenance costs

free-piston ones)
Flexibility of fuel sources
High COP

High reliability (especially for
free-piston ones)
Compact size

Wide temperature range
adaptability

High COP

Compact size

High reliability

Low capital costs

Limited cooling capacity
o With lower cooling temperature

High capital costs
Stringent manufacturing requirements
Few demonstration applications

Lower power density compared with Stirling
systems

Low operational efficiency

The coupling between the thermoacoustic
refrigerator and hot/cold sources

e Few demonstration applications

The coupling between the thermoacoustic heat
pump and hot/cold sources

Few demonstration applications

High reliability

Low capital costs

Wide temperature range
adaptability

High COP

Low capital costs

Low thermal efficiency
e Few demonstration applications

thermal energy into acoustic power or consume acoustic power to pump
heat [104,105]. Their typical output power is from several W to several
100 kW, making them well-suited to micro- or small-scale, distributed
energy systems. After miniaturisation, they can also be used to drive
low-power electronics [58,106]. Ideally, the reliability of thermoa-
coustic systems is higher than that of Stirling systems, as thermoacoustic
systems have fewer moving components. Accordingly, the
manufacturing cost of thermoacoustic systems can be lower than that of
Stirling systems. Some innovative designs, such as the thermoacoustic-
Stirling configuration [57], multi-stage looped travelling-wave config-
uration [107], and the looped configuration with bypass tubes [108],
may accelerate the real application of this technology. Until now,
thermoacoustic engines, thermoacoustic refrigerators, or thermoacous-
tic heat pumps are not commercially mature yet and lack industrial
demonstration. Therefore, more efforts are needed to improve opera-
tional efficiency and power density of thermoacoustic systems, and
optimise the coupling between the thermoacoustic system and heat
sources [109].

The aforementioned Stirling and thermoacoustic systems are based
on single-phase cycles and usually do not feature phase change, whereas
TFOs are two-phase cycles and involve periodic evapo-
ration—condensation of the working fluid during heat-to-power con-
version [74,110]. The reported thermal efficiency of TFOs was reported
as reaching about 1.5% at an 80 °C heat source temperature, and it is
expected that 5% is possible at scales of up to a few 100 W [69]. The
proposal of advanced designs and configurations, the enhancement of
thermal performance especially via the minimisation of parasitic un-
steady thermal losses [72], and the use of novel working fluids or mix-
tures thereof selected to match the external heat source/sinks [70] will
make this technology more competitive for the recovery and conversion
of very low-grade heat sources. Table 1 summarises the maturity level,
advantages and challenges of different heat-driven oscillating systems. A
quantitative comparison between Stirling, thermoacoustic, and ther-
mofluidic systems can be found in Ref. [111].

In summary, heat-driven oscillating systems are a type of unique but
important energy conversion system. They are well-suited to micro- or
small-scale, distributed energy system applications. Some of them
already play significant roles in our daily lives, while some of them are
still in the R&D stage (Stirling/thermoacoustic heat pumps are identified
as the most promising technologies for near-term deployment and

commercialisation). Against the background of decarbonisation and
carbon neutrality, with the efforts of peers from both academic and in-
dustrial sectors, it is expected that they will play a more important role
in achieving the global carbon emission reduction target in the near
future.
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