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Abstract 

Because of the environmental concerns about some materials used in 
buildings, particularly chlorofluorocarbon (CFC) fluids used as the blowing agent for 
insulation materials and as refrigerants used in the air conditioning systems have led 
to a search for environmentally safe alternatives. For insulation materials, new non- 
CFC blowing agents are still under development. However, the old insulation 
materials in the buildings will stay because they do not pose any further 
environmental damage. It is a different story for refrigerants used in air conditioning 
systems. 

This study reports that the change-over from CFC to non-CFC refrigerants in 
the existing and future air conditioning equipment could be a chance not only to take 
care of the environmental concerns, but to save energy as well. Alternative air 
conditioning technologies, such as the desiccant dehumidification and absorption 
systems, and the potential of some natural substances, such as carbon dioxide, as the 
future refrigerants are also discussed. 

Introduction 

For buildings in Taiwan, air conditioning systems are becoming more 
important than ever before for cooling and dehumidification. The record peak loads 
for electricity use in recent years are the consequence of broad operation of air 
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conditioning systems. While energy efficient air conditioning systems are desirable, 
other environmentally related problems related to chlorofluorocarbon (CFC) 
refrigerants used in the current systems have emerged - such as the ozone depleting 
potential (ODP) and global warming potential (GWP). CFCs were also used in 
building insulation materials as the blowing agents. While new blowing agents with 
no CFCs have not been fully developed, the old insulation materials do not pose any 
further environmental damage. But, existing air conditioning systems are in a 
different situation. Because the scheduled phase-out of CFCs and 
hydrochlorofluorocarbons (HCFCs), what are we going to do with the existing CFC 
equipment? Is this an opportunity for energy conservation? The answer is a 
conditional yes. 

While the air conditioning industry has more or less settled the replacement 
refrigerant issue, the system, in some cases, will have to be modified and redesigned. 
Also, because of the change of standards, such as ASHRAE 62-89, alternative cooling 
and dehumidification methods, such as desiccant dehumidification, are being 
considered. This is a great opportunity to re-examine the current systems, and to 
improve on system energy efficiency. 

This study will discuss on the recent development in air conditioning for 
commercial buildings and residential systems. The possible applications of natural 
substances as refrigerants will also be analyzed. 

Commercial Buildings' 

Most large office buildings have chilled water cooling systems. Centrifugal 
chillers are commonly applied. Most chillers in the U.S. use CFC or HCFC 
refrigerants which are being phased out of production, except HCFC-123 which is not 
scheduled to end until year 2030. As a rule of thumb, if a low pressure chiller is less 
than 15 years old, it should be modified so that it can be operated with R-123. If the 
chiller is older than 15 years, it should be replaced with a new chiller, which is usually 
much more energy efficient than the old one. But, the condition of the chiller should 
be considered as well. 

Building owners will have to make significant investments in their chiller 
systems because of the CFC phase-out. If these investments are bundled with other 
building improvements in the proper sequence, dramatic energy savings can be 
achieved with attractive paybacks. If chiller modifications are pursued in isolation, 
however, large potential savings may be rendered too costly to capture for decades. 

A. Basic Strategy 
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Conduct a comprehensive building analysis, including lighting, HVAC, 
appliances, building shell, and building use schedules; 

Upgrade building systems to reduce cooling loads. Options include lighting 
retrofit, window films, light-color roof coatings, and efficient office equipment; 

Recognizing that most of the potential energy savings in HVAC systems are 
not in the chiller itself, but in the auxiliary systems, optimize these systems to 
serve the smaller cooling load. Measures can include more efficient (and 
often smaller, since the load is reduced) motors, pumps, valves, fans, ducts, 
piping, and pipe insulation; and 

Convert the existing chiller to an alternative refrigerant, or replace it with a 
new high-efficiency chiller. Size the chiller to the building’s reduced cooling 
load, with a prudent safety margin. Downsizing the chiller and HVAC 
equipment can, in many cases, offset a significant portion of the cost of 
lighting retrofit and other load reduction measures. Moreover, the smaller, 
more efficient cooling system costs less to operate, and smaller components 
will be less expensive to replace later when they wear out. 

It is critical that these measures be done in the sequence outlined here. 

B. Chilleroptions 

There are three basic choices to respond to the CFC phase-out: 

maintain existing chillers with CFC refrigerants; 

Replace existing chillers with new chillers that use alternative refrigerants; or 

0 convert existing chillers to use alternative refrigerants. 

The later two choices present opportunities to integrate load reduction measures, 
with potential downsizing and efficiency enhancements of the chiller. 

a. Maintain existing chiller with CFCs 

Under this option, the owners take a chance on availability of CFC 
refrigerants, at least for the near future. Chiller owners should develop a refrigerant 
management plan that includes the following: 

Train and certify service technicians in accordance with the requirement of the 
Clean Air Act (Note that all technicians working on CFC or HCFC systems 



must be EPA-certified by November 1994 in U.S.); 

0 Install ancillary equipment designed to minimize refrigerant losses, such as a 
high-efficiency purge unit; 

0 Keep meticulous refrigerant purchase and use records; 

0 identify and repair all refrigerant leaks as soon as possible; and 

0 make arrangements for reserve refrigerant supplies. 

b. Replace existing chillers with new chillers that use alternative refrigerants 

New chiller efficiencies have improved dramatically over the last two decades. 
Centrifugal chillers in the early 70's exhibited efficiencies of 0.8 to 1.0 kW/ton when 
new. Current models are generally rated over a range of 0.54 to 0.65 kW/ton. 
Chiller power consumption as low as 0.46 kW/ton has been advertised. The energy 
savings achieved by installing a new and more efficient chiller may be sufficient to pay 
for the chiller replacement in as few as three years. 

c. Convert Existing chillers to use alternative refrigerants 

Chillers with CFCs usually can be converted to use alternative refrigerants. 
Most conversions fall into one of three categories: 

0 Simple conversion (or compatibility conversion): Only chiller materials that 
are incompatible with the new refrigerant, such as seals and lubricant, are 
changed. Alternative refrigerants may be less efficient than the CFC 
refrigerants they replace. Consequently, simple conversions may reduce the 
chiller's full-load capacity and efficiency. The amount of such reductions 
varies widely depending on the type of chiller and refrigerant. The cost of a 
simple conversion is usually about 20 to 30 percent of the cost of a new 
chiller. 

0 Engineering conversions: losses in capacity and efficiency are minimized by 
mechanical modifications. These modifications may include gear changes, 
impeller trimming, and orifice changes. In general, engineering conversions 
cost about 40 to 60 percent of the cost of a new chiller. 

0 Driveline conversions: This involves the replacement of the entire motor and 
compressor driveline assembly, including a new package of microprocessor 
control. These conversions have the potential to virtually eliminate the 
performance penalty of a refrigerant conversion, but also imposed the highest 



cost - about 60 to 80 percent of the cost of a new chiller. 

Although it is widely believed that chiller conversions always lead to a loss of 
chiller efficiency, there is a way to convert chillers to an "ozone friendly" refrigerant 
with a substantial increase in efficiency. The trick is to combine a driveline 
conversion with a significant reduction on chiller capacity. 

C. m e r  efficiency improvement with reduced capacity 

Chiller efficiency is strongly dependent on the heat exchanger surfaces 
(evaporator, condenser, cooling tower). The more heat transfer surface per full-load 
compressor capacity, the more efficient the chiller. If the chiller full-load capacity is 
reduced, but the associated heat transfer surfaces remain constant, the heat transfer 
surfaces then are "actually" oversized to the compressor. This strategy generally 
requires the chiller compressor and motor driveline to be replaced with smaller 
components. Replacing heat exchanger tubes with new tubes featuring enhanced 
heat transfer surfaces will also lead to efficiency gains for similar reasons. 

Many building owners are reluctant to employ driveline conversions or full 
replacements that reduce chiller capacity because they are concerned that the 
downsized system will not provide adequate cooling. To overcome this hesitance, far 
more education is needed on the ample opportunities available in many buildings to 
reduce cooling loads. Building owners also need to understand that many existing 
chillers are substantially oversized for their applications. One engineer, quoted in a 
popular trade journal, estimated that chiller in about 75% of existing buildings are 
so oversized that they could be derated without any additional cooling load reducing 
measures. 

D. Barriers to conversion 

There are several barriers to chiller conversion. However, they can all be 
overcome. 

0 Building owners: minimized costs for system maintenance and repair, and 
often are not directly responsible for paying energy bills. 

Building tenants: capital investment in the building physical plant is perceived 
to be the owner's responsibility. 

Chiller venders are in business to provide HVAC equipment sales and service, 
not to provide comprehensive building energy analyses, the complexity of 
which may delay a sale. 



b Owners’ tendency to prefer low capital cost solutions, and the results is that 
sales representatives are happy to sell just a new chiller or simple conversion 
package. 

b Mechanical engineers are involved in only about 40% of chiller replacements. 
When they are involved they seldom have sufficient budget for comprehensive 
whole-building approach. 

Residential Air Conditioning systems2 

Current residential air conditioners and heat pumps use, almost exclusively, 
HCFC-22 as the refrigerant. HCFC-22 will be phased out completely by year 2,020 
because of its ODP and G W .  There are two leading HCFC-22 replacements, R- 
407c, an HFC-32/HFC-125/HFC-l34a (23/25/52% by weight) zeotropic ternary 
mixture and a near-azeotropic binary mixture, R-4104 HFC-32/HFC-125 (50/50% 
by weight). Because of the ozone depleting potential of CFCs and HCFCs, newly 
deveIoped refrigerants are all from the HFC family. Two of the most important 
factors in selecting new refrigerants, other than the ODP and GWP, are their 
flammability and toxicity. A higher concentration of HFC-32 will resulted in a higher 
compressor discharge pressure and higher cooling capacity. However, because HFC- 
32 is flammable, its percentage in the mixture has to be controlled to ensure a non- 
flammable mixture. 

The U.S. air conditioning industry generally considers the ternary mixture as 
the near term replacement and the binary mixture as the long term replacement. 

A. R-407C Ternary Mixture 

The thermodynamic properties of R-407C are very dose to that of HCFC-22. 
Application to the existing air conditioning systems is quite simple. No major 
modifications on the system are needed. Because of the temperature glide of the 
zeotropic refrigerant mixture, the system will be more efficient if the evaporator and 
the condenser can be designed in a counter-cross-flow fashion. The system will have 
performance close to that of HCFC-22. 

The major problem with this mixture is that if a unit developed a leak, 
theoretically the mixture will not leak out in the same proportion as the original 
mixture. It may be necessary to evacuate the system and recharge the unit with the 
proper mixture. The pumped out refrigerant mixture is not reusable. It will have to 
be processed to its original composition. This could be expensive and inconvenient. 
The ternary mixture just has a recycIing problem. 



B. R-41OA Binary Mixture 

The binary mixture is near azeotropic mixture, which can be treated as a single 
substance refrigerant. Its cooling capacity is about 30% higher than that of HCFC-22 
systems. However, its system coefficient of performance (COP) can be just about the 
same or a little higher than those of HCFC-22. 

There is one major concern in using R-410A. With this mixture, the 
compressor discharge pressure is about 50% higher than that of the current HCFC-22 
systems. This means a redesign of the compressor is needed to stand higher 
pressures. The 30% or so cooling capacity increase means the unit could be about 
30% smaller. This is advantageous to the air conditioner manufacturers as smaller 
units cost less. Most U.S. manufacturers consider this refrigerant as the leading long 
term replacement of HCFC-22 is based on economic reasons. 

C Requirement from the Utility Company’s Viewpoint 

The utility companies want systems with the new refrigerant to have high 
efficiency at peak load periods. This is understandable. However, the HCFC-22 
replacements mentioned above do not have high peak load efficiency. HFC 
refrigerant mixture with high temperature glide is one of the possibilities. 

Other Green Air Conditioning and Dehumidification Technologies 

A. Absorption Systems 

Absorption systems are heat actuated air conditioning systems. The two most 
commonly used refrigerant-fluid pairs are the ammoniahater and lithium 
bromide/water. They have no ODP or GWP - they are green. 

Technology in absorption systems has improved greatly in recent years. A 
generator-absorber heat exchanging absorption cycle with ammoniahater could reach 
a thermal system cooling COP of 0.7, which is equivalent to electric system COP of 
about 2.1. However, this COP is still not as high as that of chillers used for 
commercial buildings. If the price of gas is much lower than that of electricity, 
absorption systems could be competitive because their operating cost will be much 
lower. Also, the application of absorption systems can reduce the electric peak load. 

B. Desiccant Cooling and Dehumidification3 

Desiccants are those materials that can adsorb moisture from air and can be 
regenerated by heat. As moist air flows through desiccant, it becomes dry and hot. 



With a sensible heat exchanger to lower the air temperature, the air becomes dry and 
warm. If moisture is re-introduced into the dry air stream, the air temperature will 
drop and approach its wet bulb temperature and becomes very cold, and thereby 
achieving cooling and dehumidification. 

While the advancement in desiccant technology is impressive in recent years, 
it has remained a niche market application. It has started penetrating supermarket 
air conditioning systems in recent years to provide better humidity control. Recent 
changes of American Society of Heating, Refrigeration, and Air Conditioning 
Engineers (ASHRAE) Standard 62-89 which requires more fresh air intake for 
bufidings has led to a reemphasis on desiccant technology because the desiccant 
system is very efficient in ventilation mode operation. Coupled with the conventional 
air conditioning systems, desiccant units can be used as make-up air systems that will 
remove the latent load (and sensible load if necessary) from the outdoor air. A two 
stage desiccant system having a thermal system COP about 1.5 has been mentioned. 
Because there is no rating method for desiccant systems yet, a direct comparison of 
a desiccant unit to a conventional unit is, in some way, unfair to the desiccant 
technology, since the current rating methods for air conditioning systems are all 
designed for conventional systems. Desiccant technology should have a bright future 
in Taiwan. 

Natural Refrigerants4 

In the future, GWP will probably dominate the selection of suitable 
refrigerants. The HFC fluids all have relatively high GWP. For example, HFC-l34a, 
a CFC-12 replacement, has a GWP about 1,500 times of that of carbon dioxide. 
Most HFCs still face future regulatory uncertainty. Besides, introduction of new 
chemical compounds to the environment, such as DDT and PCB, etc., can be 
dangerous. 

Some substances, such as air, water, nitrogen, ammonia, hydrogen, helium, 
hydrocarbons, and carbon dioxide (CO,), etc., have existed in nature for a long time. 
Their effects on environment are well known and are considered harmless. Some of 
them have excellent thermodynamic and transport properties which make them 
excellent refrigerants. In the past half a century, because of halocarbon domination, 
little development in natural refrigerant application has been accomplished. We 
could have a better and more energy-efficient technology, free of environmental 
problems if natural substances can be used as refrigerants. Here we will discuss three 
promising natural refrigerants - ammonia, hydrocarbons, and carbon dioxide. 

A. Ammonia 



Ammonia has excellent thermodynamic and transport properties, much 
superior to those of halocarbons. A well known fact is that ammonia refrigeration 
plants always have considerably better energy efficiencies than that of halocarbon 
refrigeration systems. Ammonia compressors need less than half the swept volume 
as ones for HCFC-22 with same capacity. Size of piping for ammonia systems is 
smaller than for halocarbon system. Other advantages for ammonia systems include 
tolerance to normal mineral oils; low sensitivity to small amounts of water in the 
system; simple leak detection; unlimited supply and low cost; and lighter than air, 
which means easy to ventilate in case of leaks. However, there are some 
disadvantages associated with the application of ammonia: it is toxic. However, it is 
10 to 50 times less toxic than chlorine. It is flammable - 15.5% by volume, 3 to 7 
times that of common hydrocarbons and natural gas. Future development of the 
ammonia systems Will be in the following areas: 

Heat exchangers. 
steel instead of copper tubing; 
heat transfer enhancement is needed; and 
welding instead of soldering. 

Small ammonia air conditioner. 
suitable oil that will mix with ammonia; 
needs small and low cost hermetic compressor and controls; and 
more trained service people for ammonia systems needed. 

B. Propane 

Propane is a hydrocarbon being studied for use in domestic refrigerators. It 
has been used as a refrigerant in petrochemical industry for a long time. The 
advantages for propane systems are as follows: 

Propane and ethylene have been used successfully as refrigerants in large 
reftigeration plants for many years, notably in the petrochemical process 
industry. We are well experienced in propane application; 
propane was tried in small refrigeration systems, of conventional design 
without any problem and with excellent performance; 
excellent thermodynamic properties, similar to those of ammonia; 
excellent transport properties; 
it can use normal lubricant oils; and 
universally available and low in cost 

The only disadvantage of using propane is its flammability. Propane 
refrigerator research data showed that it is more than HFC-l34a, and a 50/50 mixture 
of propane and isobutane (HC-290/HC-600a) has similar pressure and capacity of 



CFC-12, which is a good CFC-12 replacement. One U.S. company, did a study of 
required redesign of a 3 ton air conditioner to meet safety guidelines with propane. 
The manufacturing cost was about 30% higher than for a 3 ton R-22 air conditioner. 

C. CarbonDioxide 

Carbon dioxide was a commonly used refrigerant from late 1800s and well into 
this century. Except air and water, CO, is certainly the refrigerant coming closest to 
the ideal of harmlessness to the environment. The advantages of using CO, as 
refrigerant are as follow: 

e it is non-toxic and non-flammable; 
it has excellent thermodynamic and transport properties; 
it has low specific volume (because of high pressure); 
compression ratio is smaller than conventional refrigerants, which means a 

transcritical cycle (system operating above the critical temperature) can 

it is complete compatible with normal lubricants and common machine 

broad availability everywhere and very low cost; and 
simple operation and service, no "recycling" required. 

0 

e 

higher thermodynamic efficiency; 

potentially produce refrigeration and hot water at 80 to 100°C; 

construction materials; 

0 

0 

e 

There are some disadvantages about CO,: 

e It has a low critical point of 31°C; and 
high operating pressure, around 10,000 kPa. This is considered an advantage 0 

by some researchers as the pressure is high, the volume needed becomes 
small. 

Future development of CO, should include the following items: 

e a CO, compressor; and 
e controls and expansion devices; 

A CO, mobile air conditioning system has been successfully built and tested. The test 
results indicated that it has same or slightly higher system efficiency than an R-134a 
mobile air conditioning system at same cooling capacity. 

We can now conclude that natural refrigerants, if designed properly, are 
completely benign to the environment. They are also safe, inexpensive, compatible 



with normal machine construction materials, and lubricants. 

Conclusions 

The air conditioning industry is in a transitional period because of the phase- 
out of CFCs and HCFCs. This is a great time to improve our technical base in air 
conditioning and to achieve energy conservation with technologies that can be applied 
to green buildings. Most green air conditioning technologies require further research 
and development. Can we really afford not to start the work now? 
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