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Abstract 

The phase-outs of CFCs and HCFCs to protect the stratospheric ozone layer have caused 
many developments in replacement or alternative technologies for heat pumping. Some of 
this effort has been of an “evolutionary” nature where the designs of conventional vapor 
compression systems were adapted to use chlorine-fie refrigerants. Other alternatives are 
more radical departures &om conventional practice such as operating above the critical point 
of an alternative refiigerant. Revolutionary changes in technology based on cycles or 
principles not commonly associated with refiigeration have also attracted interest, 

Many of these technologies are being touted because they are “ozone-safe” or because they 
do not use “greenhouse” gases as refrigerants. Basic principles and some advantages and 
disadvantages of each technology are discussed in this paper. 

Technology AI te rna tives 

Many different technologies exist which could be developed for space conditioning, indus- 
trial, or refrigeration applications. Conventional vapor compression systems using CFCs, 
HCFCs, and ammonia or hydrocarbons are relatively mature, with successfbl commercial 
products. The same is true for some HFC technologies, such as HFC-134a in refiigerator- 
fieezers or centrifugal chillers, while a great deal of hdamental work remains to be done on 
others (e.g. replacements for HCFC-123 in low pressure centrifugal chillers). Single- and 
double-effect absorption chillers are also successll commercial products that are viable 
alternatives to CFC and HCFC compression systems while more efficient absorption products 
(e.g. triple-effect chillers, reversible generator/absorber exchanger (GAX) absorption heat 
pumps) are under development. Thermoelectric, Stirling cycle and air (Brayton) cycle cooling 
are existing, though Iess mature, technologies that could conceivably be adapted for new 
applications. Other technologies vying for attention include the transcritical compression of 
carbon dioxide in a vapor compression cycle, the Malone cycle and adsorption cycle heat 
pumps, and thennoacoustic and magnetocaloric refiigeration. 

Rankine Cycle Vapor Compression 

The reverse Rankine cycle vapor compression system is by far the dominant technology in 
heat pumping applications. Traditionally CFCs and HCFCs have been used as the refrigerants 
in commercial and residential equipment. Hydrocarbons and ammonia have been used in 
industrial processes. The phase-outs of CFCs and HCFCs are leading to the use of hydrocar- 
bons in some areas, such as household refrigerators, where they were not used in the past and 



there are similar opportunities for systems using ammonia to enlarge their share of the 
refiigeration market. 

Absorption Heat Pumping 

One disadvantage inherent in the reverse Rankine cycle is the relatively high power require- 
ments for compressing a vapor between the high- and low-side operating pressures. The 
absorption cycle reduces the energy requirements for compressing the vapor by absorbing the 
refrigerant into a liquid stream 
and using a pump to raise the 
fluid to the condensing pres- 
sure. As shown in Figure 1, 
heat input at the generator is 
used to separate the absorbent 
and the absorbate (refrjgerant) 

f- 

at the high pressure; this heat 
can be in the form of waste 
heat from an industrial pro- 
cess, steam frons a Wdeq or 
directly from a gas burner. 
The high concentration refiig- 
erant vapor goes &om the 
generator (or desorber) to a 
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condenser, expansion valve, 
and evaporator as in a vapor 
compression system and then 
to the absorber. The hot, liq- 
uid solution (with low refiigerant, or absorbate, concentration) is passed from the generator, 
through a valve to the absorber where refiigerant vapor is absorbed and the high concentra- 
tion liquid is pumped to the generator to complete the cycle. Several absorbers and genera- 
tors (desorbers) can be used in rnultiple-effect cycles to attain higher eficiencies. 

Figure 1. Basic absorption system. 

Heat has to be removed at the absorber to enhance the absorption effect; the generator- 
absorber- exchanger (GAX), double-effect, and triple-effect cycles seek to boost efficiency by 
transferring some of the heat removed at an absorber to the generator providing some of the 
energy needed to separate the absorbent and absorbate. Double effect chillers are very 
successfbl commercial products spanning a wide range of cooling capacities. GAX cycle heat 
pumps and triple-effect chillers are hi& efficiency absorption productions under develop- 
ment. 

There are advantages and disadvantages to the absorption cycle. In industrial applications 
there can be opportunities to use waste heat, in which case the selection of even low 
efficiency Smgle-effect systems are economically and environmentally sound choices. In 
applications where absorption chillers are in direct competition with electrically driven 
centrifugal chillers, the gas-&& absorption systems can have an advantage in operating costs 



depending on the relative costs of gas and electricity and on whether or not there are peak 
demand charges for electricity. Gas fired cooling systems, however, must inherently reject 
more heat than electrically driven systems and consequentfy can require larger or more costly 
heat exchangers and can suffer a disadvantage in size and first costs. 

Adsorption Heat Pumping 

Adsorption heat pumps represent another technology which substitutes heat input for an 
electrkally driven compressor. Unlike vapor compression and absorption systems, adsorption 
heat pumping is a cyclical pro- 
cess and does not provide con- 
tinuous cooling. One or more 
pairs of sorbent beds, as shown 
in Figure 2, are used to adsorb 
or desorb the ammonia or other 
refrigerant vapor onto or from a 
sorbent such as solid activated 
charcoal or complex salt. Vapor 
is adsorbed onto one bed of 
each pak at a low pressure and 
relatively low temperature and 
heat is rejected to the environ- 
ment. Simultaneously heat is 
added to (L &fly charged sorbent 
bed driving off refiigerant vapor 
at a hi& pressure. The high 
temperature, high pressure va- 
por passes through a heat 
exchanger to lower its tempera- 
ture and then through a Joule- 
Thompson expansion valve to 
obtain low temperature, low 
pressure Iiquid refiigerant. The 
refrigerant is evaporated at this 
point, providing useful cooling, 
and the cycle is repeated. The 
refiigerant flow fiom a single 
pair of sorbent beds, and hence 

. . 

Coo'ing t 
the m&hle cooling, decreases Figure 2, Adsorption heat pump with two pairs of sorbent 
and stops as the hot bed be- 
comes hlly discharged; at this 
point the flow needs to be reversed to switch the roles of the two sorbent beds, heating and 
discharging vapor fiom the second bed and recharging the first. Two or more pairs of sorbent 
beds are used to smooth out the cyclical performance of each individual pair of beds. 

beds. 



There is an obvious energy inefficiency in the simple adsorption system in that the heat input 
to each discharging sorbent bed is wasted when the re6gerant flow is reversed and the bed 
must be cooled before it can begin adsorbig vapor. Complex schemes are employed to boost 
system efficiency by using coolant loops to transfer some of the energy fiom a hot, recently 
discharged sorbent bed to preheat a filly charged bed fiom another pair. 

Research efforts in adsorption cycle heat pumps are targeted at water-zeolite systems to use 
waste heat for automobile air conditioning and for ammonia-activated charcoal and ammonia- 
ammoniated salts for residential space conditioning. High efficiencies are theoretzdy 
possible with adsorption heat pumps, but the efficiency and equipment lifetime need to be 
demonstrated in prototype or pre-production equipment; the performance of adsorption beds 
used in industrial processes are known to deteriorate in time. 

Air (Brayton) Cycle Cooling 

High speed compressors and turbines have been used for years to provide cooling for 
airplanes based on the Brayton, or air, cycle. This is an open cycle where warm air fiom the 
passenger compartment is taken into a rotary or centrifugal compressor where it is 
compressed adiabatically to a high pressure. The air is cooled in a heat exchanger and work is 
extracted and it is cooled M e r  as it is expanded through a turbine; this cooled air is 
discharged directly into the passenger compartment. 

The air cycle has been used in aircrafl because it emptoys lightweight, compact equipment 
which compensates for its low effi- 
ciency. Projects are underway in 
Europe to develop air cycle equipment 
for passenger trains. 

Stirling and Malone Cycles 

As shown in Figure 3, the Stirling cycle 
operates using two constant 
temperature and two constant volume 
processes. The working fluid, generally 
either helium or hydrogen, is: 

0 expanded from a low volume at 
point 1 to a higher volume at 
pint 2 at a constant 
temperature, Tp, by adding 

0 the gas is then pressurized at a 
energy, Qm 

constant volume between points 
2 and 3 by addmg heat a in the 
DrOceSs the temrxrature of the 

S1 s2 

= . 
gas is raised to T@ Figure 3. Temperatures, entropies, volumes, and 

heat flows for Stirling cycle cooling. 



0 additional compression occurs at a constant temperature between points 3 and 4 by 

0 and finally the gas is expanded at a constant volume between points 4 and 1 by 
rejecting heat Q,. 

rejecting an amount of heat equal to that added in the pressurization stage between 
points 2 and 3, Q. 

Implementations of the Stirling cycle use a discontinuous flow of gas, reversing direction so 
that the energy rejected by the constant volume pressurization step (between points 2 and 3) 
can be stored in a regenerator to provide the power needed for the constant volume 
expansion process (steps 4 to 1). The efficiency of the regenerator is critical for the overall 
efficiency of equipment based on the Stirling cycle. 

The Stirling cycle has been employed successfblly in cryogenic applications, but it has not 
been used widely in higher temperature equipment such as commercial or household 
refiigeration or space conditioning applications. Efficiencies are higher for the Stirling cycle 
than for the Rankine cycle below source temperatures of about -20°C (-5"F), but lower at 
higher temperatures. This efficiency advantage at low temperatures has led to the design of a 
Stirling cycle fieezer for supermarket display cases (Miniatt, 1993). A prototype for a 
duplex-Stirling engine-coOler was developed for residential heat pump applications in the 
United States, but has not been commercialized due to projected high equipment costs. 
Household refiigeratodfieezers using the Stirling cycle have been marketed, but with limited 
commercial success (Wurm 1991). 

The Malone cycle also uses two isothermal and two isochoric (constant volume) processes, 
like the Stirling cycle, but it employs a liquid operating near its critical point as the working 
fluid instead of a gas. One working MaIone refiigerator has been built and tested at Los 
Alamos National Laboratory, but extremely little effort has gone into studying or developing 
this technology. 

Thermoelectric Coofig 

Thermoelectric cooling is based on the Peltier effect; when a DC current is passed through a 
junction of two dissimilar conductors, the temperature of one of the conductors decreases 
and the other increases, Heat is pumped from one junction to the other. Typically the AT 
between the two conductors is very small and anywhere fiom 10 to 127 junctions must be 
combined into a module in order to form a usehl device. The relative efficiency of 
thermoelectric modules varies with the temperature difference across the module; their 
efficiency can be as high as 0.9 times that of vapor compression at low AT's or less then 0.5 
times vapor compression at higher AT's (Mathiprakasam 1993). 

Thermoelectric modules have been used successfilly in applications where size and durability 
are of greater concern than efficiency; these include portable coolers for recreational use or 
for transporting pharmaceuticals and in cooling electronics. The efficiency of thermoelectric 
modules is defined in tenns of the "figure of merit" of the conductors used, 2, and the mean 
operating temperature T. The best thermoelectric materials tested under laboratory 
conditions have a figure of merit of around 0.003 5 K" (Mei 1994), so ZT = 1 .O at a mean 



absolute operating temperature of 300 K (27°C or 80°F) (Mathiprakasam 1993). A 
breakthrough in materials is necessary so that ZT 

achieve energy efficiencies comparable to vapor 
3 in order for thermoelectric modules to 

Cold heat 
exchanger 

compression in many appljcations 
(Mathiprakasam 1993). 

Thennoacoustic Refiigeration 

Thennoacoustic refiigeration uses a standing 
sound wave to generate a temperature difference 
between two heat exchangers. Figure 4 is a 
simplified drawing of a thermoacoustic cooler 
that was built and tested at Los Alamos; a 
magnetidly driven “piston,” much like a Ioud 
speaker, is used to generate a sound wave which 
passes through a hot heat exchanger, a “stack” 
of rolled mylar with monofilament spacers, to a 
cold heat exchanger and a resonating chamber. 
The design of the resonating column and 
chamber, particularly the length, depend on the 
gas used as the operating fI uid; typically a 
mixture of argon and helium. Thennoacoustic 
CoOIing has attracted interest fiom electronics 
firms and also fiom a vehicle manufacturer for a 
refiigerator in a mini-van. Manufacturing costs 
of thermoacoustic refiigeration could be lower 
than other technologies because the equipment 
does not require close machining tolerances or 
lubrication, though there could be problems with 
metal fatigue. Operating efficiencies have been 
low relative to vapor compression; Figure 4. Thermoacoustic cooler. 
improvements in the electro-acoustic conversion efficiency and resonator design could lead to 
much higher efficiencies in the hture (Garrett 1993, Garrett et al 1993). 
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Magnetocaloric Refiigeration 

The magnetocaloric effect is due to the change in entropy of a magnetic material as the 
magnetic dipoles change in relation to a magnetic field. Figure 5 illustrates a cycle showing 
changes in temperature and entropy as a magnetic field of nearly 7 Tesla is alternately applied 
to a generic paramagnetic material. While there have been eEorts to commercialize a low 
temperature supermarket display case ushg the magnetocaloric effect, this technology has 
redly been constrained by the high costs of superconducting magnets @&egoria 1993). 
Cost breakthroughs are necessary for this technology to compete with other dtematives to 
vapor compression refrigeration equipment (Fischer 1994). 



Conclusions 

Several of the alternative heat pumping 
technologies discussed are already used in 
successll commercial products. These 
include hydrocarbon refiigerants in 
household refiigerators in Europe and 
double effect absorption chillers. Other 
alternatives have achieved niche markets, 
such as thermoelectric cooling of 
electronics and portable coolers, but are 
not positioned to take over significant 
portions of the CFCIHCFCMOFC vapor 
compression market. Technologies like 
thermoacoustic and adsorption heat pumps 
are in early stages of development and their 
eventual impacts as CFC/HCFC/HFC 
replacements are unknown. 

Tn 

TC 

Entropy 

Figure 5. Temperature-entropy diagram for 
magnetocaIoric refrigeration. 

Now that sisnificant progress is being made with the phase-out of refrigerants that destroy 
the ozone layer, attention is focusing on the global wanning effects of refiigerants. Amid the 
clamor and posturing about greenhouse gases, however, people should remember that the 
CO, released fiom burning fossil fbels to generate electricity to power a heat pump or 
refrigeration system almost always contribute much more to global warming than the direct 
contn’bution of refiigerants used in vapor compression systems. Figure 6 illustrates this fbct 
for a refiigerator/fieezer in Europe. The effects of radiative forcing, and greenhouse warm- 
ing, are plotted on the vertical axis against time on the horizontal as the refrigerant and CO, 
are released into the atmosphere and removed by natural processes. The radiative forcing 
increases for 15 years as CO, is emitted fiom power generation to operate the refrigerator, 
there is an imperceptible jump when HFC-134a is released when the refrigerator is destroyed 
(this line is virtually indistinguishable from the line for COJ; and then the gases are slowly 
removed from the atmosphere by natural processes. The XFC-134a is removed quite quickly, 
but the CO, lingers for more than 500 years. The area corresponding to the CO, &om the 
power required to operate the refjigerator is much larger than the area corresponding to the 
refrigerant, HFC- 134a. 

Small, if any, compromises in efficiency should be accepted from an alternative technology in 
order to avoid a “solution” that actually exacerbates greenhouse warming. This constraint on 
efficiency makes it very hard for non-compression alternatives to compete with conventional 
vapor compression using HFCs, hydrocarbons, or ammonia. It also requires that 
hydrocarbon and ammonia systems must achieve efficiencies comparable to HFC 
compression in order to achieve comparable or lower emissions of all greenhouse gases. 
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Figure 6. Radiative forcing of greenhouse gases from a 210 liter 
refrigerator/freezer. 


