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1. ALTERNATIVE REFRIGERATION TECHNOLOGIES

Experts working on conventional vapor compressor technology are facing different problems: at first it
is necessary to replace the harmful refrigerants, and it is important to make efforts to further improve
the efficiency of the machines. On the other hand, one observes enormous activities in some alterna-
tive fields, such is e.g. magnetic refrigeration. Other activities are related to thermoelectric cooling,
where large but still not sufficient improvements were made to realize economic applications in tradi-
tional refrigeration markets. Another technology, which some decades ago was judged to be very
promising, is the Stirling cooling technology. It shows a potential, at least in some special market nich-
es. However, it will be difficult for this kind of technology to compete with other alternative technologies
to conventional compressor refrigeration. Thermoacoustic cooling is also a very important alternative
technology. In this Appendix, the technologies of thermoelectric cooling and thermoacoustic cooling
are briefly presented, with the emphasis on the first, since it - similar as magnetic refrigeration — is a
cooling method based on solid state physics and material technology. Furthermore, the success of a
large scale commercialization of both technologies will strongly depend on the applied materials.
These materials directly influence the obtainable performances. Other alternative technologies, which
are not mentioned here, are vortex tube systems, gas (air) Brayton cycle machines, pulse tube refrige-
ration, Malone cycle systems, machines based on electro-chemical processes, compressor driven me-
tal hybrid systems, etc.

1.1. THERMOACOUSTIC REFRIGERATION

Thermoacoustic refrigeration is based on standing or traveling sound waves, where temperature os-
cillations occur as a consequence of the pressure and velocity changes of the wave. The sound levels
inside may reach 180 dB but the outside level is similar to the one of a conventional refrigerator. The
temperature gradient occurs across a stationary element, which is called the “stack”. The heat source
and the heat sink exchangers are connected at the ends of the stack to transfer heat in and out of the
system.

A common thermoacoustic refrigerator consists of four main components [1]:

. a “stack” of porous material, parallel plates or sheets of a thin material rolled into a spiral

. hot and cold heat exchangers consisting of finned tubes, parallel plates, screens or metallic
wool

. a rigid and sealed tube that may incorporate a Helmholtz resonator to allow the device to be
shorter and to minimize the losses

. an acoustic energy source, referred to as an electroacoustic transducer (i.e. a loud speaker
or a piston).

The working fluid is usually a mixture of perfect gases such as xenon and helium. The driver operates
at the resonance frequency of the system to produce fairly large pressure fluctuations that alternately
compress and expand the working fluid adiabatically and cause the fluid to oscillate back and forth
within the stack and the heat exchangers. The stack serves as a heat regenerator as the working fluid
oscillates back and forth, absorbing the heat during the compression phase of the acoustic wave in the
working fluid and rejecting the heat back to the gas during the expansion phase.

The initial work on thermoacoustics was centered on developing a standing acoustic wave in a reso-
nant cavity. In an example of a standing wave system [2], a cooling of 400 W was seen with an input
of 200 W acoustic power (17% of the ideal Carnot efficiency). The DOE group at Los Alamos National
Laboratory (LANL) [2] made a breakthrough developing a thermoacoustic heat engine that used a
variation of the Stirling cycle (with a porous regenerator) and used a traveling acoustic wave. Their first
heat engine of this design produced power from a heat input with an efficiency of over 40% of Carnot.
That is a 150% higher performance than that of the best standard thermoacoustic heat engine (e.g.
42% vs. 17% efficiency).

The thermoacoustic systems should have a low cost and a high reliability since there are no parts in
contact with the working fluid that require lubrication. In room temperature applications the thermo-
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acoustic systems have lower efficiencies than the conventional vapor compression systems. Still the
number of developments in this field has been very high. The thermoacoustic systems also have a
relatively large size of power levels that they achieve, and they may require secondary heat transfer
loops. According to a report of the Oak Ridge National Laboratory [1], the COP’s of thermoacoustic
refrigeration machines reach 75-80% of the values, which may be obtained by magnetic refrigerators.
These are similar values as those of the transcritical CO, conventional compression refrigerators.

Hot et Figure 1: The thermoacogstic refrigera-
Stack exchanger tor (from Ref. [3] and [4)] is shown. The
| sound wave interacts with an array of
! parallel solid plates, named the stack.
The resulting refrigeration can be un-
derstood by examining a typical small
element of gas between the plates of the
stack. As the gas oscillates forth and
{ back, because of a standing sound wa-
ve, it changes its temperature. The tem-
perature change is caused by the com-
pression and expansion of the gas by the
sound pressure. In the example shown,
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through a thermodynamic cycle in which
the element is compressed and heated,
rejects heat at the right end of its range
of oscillation, and it is depressurized and
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Consequently each element of gas mo-
ves a little amount of heat from the left to
the right and from the cold to the hot part
during each cycle performed by the
sound wave. The combination of the
cycles of all the elements of gas trans-
ports heat from the cold to the hot heat
exchanger. The spacing between the
plates in the stack is crucial for a proper
functioning. If the spacing is too narrow,
the good thermal contact between the
gas and the stack keeps the temperature
of the gas at nearly the same value as
the temperature of the stack, whereas if
the spacing is too wide, much of the gas
is in poor thermal contact with the stack
and does not transfer heat effectively to
and from it.
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Thermoacoustic refrigerators and heat pumps are known to be members of an environmentally friend-
ly technology, which shows reliability, low cost and an easy maintenance (no moving parts, no lubrica-
tion). However, the largest drawbacks are the low efficiency and the low power density. Research
results exist that predict efficiencies [2] comparable to those of conventional refrigerators. Another
disadvantage of this kind of technology is the large size of its machines. Furthermore, if the standing
or traveling waves are out of phase, the cooling effect usually is disrupted. Nowadays thermoacoustic
refrigerators are used in special applications, where a temperature difference of 25 K between the
heat source and the heat sink may occur [2]. However, there are not so notable research and market
activities as this is the case for other cooling alternatives, such as thermoelectric cooling.



Figure 2: An example of a thermo
acoustic refrigerator [5] is shown on the
left-hand side.

The thermoacoustic chiller on the photo-
graphy is operating with only one driver.
The frost extends from the bottom of the
cold heat exchanger through the entire
U-shaped section of the resonator.

Bottom: a cross-sectional diagram of the
refrigerator. Two custom-made electro-
dynamic drivers are coupled to the U-
shaped resonator using two dual-convo-
lution electroformed nickel bellows to
provide a flexible seal for the pistons.
The resonator is “bent” to fit into a stan-
dard 19” electronics rack. The resonator
includes two stacks (red); each stack has
two fluid-backed finned heat exchangers
with serpentine tubes (blue) that carries
the water used as the heat transport
fluids for both the hot and the cold ex-
g changers. The resonator is pressurized
at 2.07 MPa with a mixture of 94.4%
Helium and 5.6% Argon.
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419 W cooling power and a temperature
span at its ends from 13.6°C to 44.6°C
/ \ / (not including the external heat ex-
[ [ change with the liquid). This is approx-

g — —L imately 20% of the Carnot efficiency. For
' Vi !}—}‘ L operating conditions of 294 W and a
\ e / / temperature span from -1.3°C to 38.2°C,
\ ‘ // a Carnot efficiency of 25% is reached.
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1.2. THERMOELECTRIC REFRIGERATION

There are several thermoelectric phenomena associated with joining two dissimilar materials. The
most familiar is the Seebeck effect. When maintaining a temperature difference between two junc-
tions, an open circuit electrical potential difference V develops. It is proportional to the temperature
difference T between the junctions. If a direct electrical current is forced to flow through a junction of
two dissimilar materials then the heat energy which is produced or absorbed at the junction is propor-
tional to the current. This was discovered and investigated by Peltier. Whether this heat is absorbed or
produced depends on the direction of the current.

With the use of currently commercially available materials, thermoelectric coolers are suited to the
applications, where their reliability, absence of moving parts and silent operations outweigh their rela-
tively low efficiency, such as electronic cooling.

The temperature differences required in air conditioning are usually within the capacity of thermoelec-
tric heat pumps, but one might expect their relatively poor coefficient of performance (COP) to be an
insuperable disadvantage. However, thermoelectric coolers or refrigerators might become economical-
ly competitive, if the heat load is varied frequently, such as in a train carriage. An assessment of ther-
moelectric air conditioning has been carried out by Stockholm (reported in [6]), who installed a ther-
moelectric system in a train carriage in France. Another successful large-scale application, which
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Figure 3: Schematics of a single stage
thermoelectric module [6] and photogra-
phies of single and multi-stage modules
[7]. A single-stage thermoelectric module
or device is typically composed of ther-
moelectric elements (n- and p- types)
that are connected electrically in series
and thermally in parallel and sandwiched
between two ceramic plates. The ther-
moelectric elements are interconnected
with electric conductors (such as cop-
per). The ceramic plates form the cold
and hot surfaces of the module, provide
mechanical integrity, electrical insulation
and thermal conduction to the heat sink
and the object to be cooled. There are
also very few modules without ceramic
plates, which could eliminate the thermal
resistance associated with the ceramic
plates, but they may cause mechanical
fragility.

Figure 4: The figure of merit (ZT) factors
for different kinds of materials and the
historical development of them [6]. The
third figure shows also the theoretical
dependence of the COP on the ZT factor
at different temperature levels.

Thermoelectric refrigeration has been li-
mited by its relative low energy conver-
sion efficiency. Important information
when dealing with thermoelectric mate-
rials is the figure of merit ZT, which
presents a dimensionless thermoelectric
efficiency, which is related to the COP
value (Coefficient of Performance).

The thermoelectric materials which are
most often used in today’s commercial
thermoelectric coolers are Bi,Tes-based
alloys [6] (ZT~1.0 at room temperature),
PbTe-based alloys (ZT~0.9 at 700K),
and SiGe alloys (ZT~0.7 at 1000K) [6].
The highest ZT to date is reported in
Bi,Tes/Sh,Te; and PbSeTe/PbTe super-
lattice thin films [6] and coolers based on
such materials typically have a COP
between 2 and 3, which are still lower
than the COP of 3-4 of conventional re-
frigerators with compressors at usual
temperature conditions.

Current thermoelectric cooling devices
have an efficiency of about 10% of the
Carnot efficiency [6]. Based on the cur-
rent thermoelectric materials and design
of thermoelectric devices, the thermoe-
lectric refrigeration loses its advantage, if
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included a 27 kW industrial water cooler, has been described by Buffet and Stockholm (reported in
Ref. [6]). Instead of utilizing a full-fledged thermoelectric cooling system, it is possible to use a ther-
moelectric cooler to improve the performance of an existing vapor compression system. This leads to
a hybrid system. The hybrid vapor compression/thermoelectric cooler takes advantage of the tempera-
ture lift capability of the thermoelectric elements to enhance the outlet subcooling of a condenser (see
Ref.’s [6] and [8]).

According to the report of the Air-Conditioning and Refrigeration Technology Institute [6], the low effi-
ciency of the thermoelectric coolers has limited their application for conventional cooling and refrigera-
tion. As noted in Ref. [6], the main goal of the thermoelectric community is to develop new thermoelec-
tric materials with higher ZT factors. The use of nanostructures for thermoelectric applications was
triggered by the conceptual studies on the potential benefits of the quantum confinement of electrons
and phonons and the phonon interface scattering in the early 1990s. Since then, much attention has
been paid to the development of nanostructures for enhancing ZT. However, the development of new
thermoelectric materials is according to [6] a long-shot program.

Instead of utilizing a thermoelectric cooling system, it is possible to integrate the currently available
thermoelectric systems into hybrid ones, e.g. to improve the performance of an existing vapor com-
pression system. For example, a hybrid vapor compression/thermoelectric cooler system could take
advantage of the temperature lift capability of thermoelectric elements to enhance the outlet subcool-
ing of a condenser. Thermoelectric heat pumps could operate at good efficiency for small temperature
differences between the heat sink and the heat source.

Figure 5: Commercially available ther-
moelectric liquid chiller (left) and air-
conditioner (right) are shown and their
pictures were taken from Ref. [9].
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2. CONCLUSION

In this Appendix two alternative refrigeration technologies (thermoacoustic and thermoelectric refrige-
ration) were selected, briefly described and discussed in comparison with magnetic refrigeration. The
present stage of development shows for both technologies limited possibilities of applications. For
both technologies, the low COP and exergy efficiency are important drawbacks, especially for ther-
moelectric cooling. On the other hand, because of their lack of harmful refrigerants, both presented
technologies are environmentally benign technologies. The thermoelectric cooling seems to have a
larger potential to be brought to the market in the near future. But this is true only for certain market
niches. Researchers rely on new and better materials, which are developed to reach higher ZT factors
and could be commercially available in the future.

When compared to magnetic refrigeration/heat pump technology, then it may be stated that the ther-
moelectric technology is “older”. But therefore, there is less hope for big improvements to occur. Since
the magnetic refrigeration technology depends on the development of magnetocaloric material and
permanent magnet materials research (similar as thermoelectrics on the development of semiconduc-
tors), it is very difficult to predict its further development. At the present stage of development of both
technologies, mobility and compactness are advantages of the thermoelectric refrigeration, whereas
the efficiency of the machines is the important advantage of the magnetic refrigeration technology.

3. REFERENCES

[1] S. Fischer et al., Not-in-kind-technologies for residential and commercial unitary equipment,
Oak Ridge National Laboratory, 2000, DOE, DE-AC05-960R22464.
[2] V.H. Johnson, Heat generated cooling opportunities in vehicles, National Renewable Energy

Laboratory, Society of Automotive Engineers, 2000, DOE’s Hybrid Vehicle Propulsion Pro-
gram, 2002-01-1969.

[3] www.fas.org/sgp/othergov/doe/lanl/pubs/00326024.pdf (August 2008).
[4] 0. Symko, Center for Acoustic Cooling, Dept.of Physics, Univ. Utah, Salt Lake City, May 2005.
[5] http://www.acs.psu.edu/thermoacoustics/refrigeration/setac.htm (August 2008)

[6] B.Yang, Thermoelectric technology assessment, Department of Mechanical Engineering, Uni-
versity of Maryland at College Park, 2007, ARTI Report No. 10120-01, Air-Conditioning and
Refrigeration Technology Institute, USA.

[7] www.deltron.ch

[8] R. Rademacher et al., Integrating alternative and conventional cooling technologies, Ashrae
Journal, October 2007, pp. 28-30, 33-35.

[9] www.thermoelectric.com.



http://www.fas.org/sgp/othergov/doe/lanl/pubs/00326024.pdf
http://www.acs.psu.edu/thermoacoustics/refrigeration/setac.htm
http://www.deltron.ch/
http://www.thermoelectric.com/

