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REFRIGERANT CHARGE
IN AIR-CONDITIONING EQUIPMENT
FOR SELECTED REFRIGERANT ALTERNATIVES
prepared by
James M. Calm, P.E.
Consulting Engineer

Abstract

This document summarizes analyses of the amounts of selected refrigerants used to charge
representative air-conditioning equipment. The data were prepared and consolidated as inputs
to a study of global warming, to facilitate assessment of impacts from use of refrigerants. The
results enable evaluation of direct effects for conventionally applied and near-term alternatives.
Refrigerant charge data are provided for several equipment cost (and performance) levels.
These data permit trade-off comparisons between fluid substitutions and efficiency enhancements. The background, approach, and analyses are summarized in this report. Resulting data
are tabulated for representative air conditioner, heat pump, and chiller capacities. Vapor-compression-cycle equipment using CFC-11, CFC-12, HCFC-22, HCFC· 123, and HFC-134a are
addressed. Limitations to the study resulting from both competitive and antitrust considerations
are outlined.

Background
The Alternative Fluorocarbons Environmental Acceptability Study (AFEAS), an international
consortium of twelve chemical producers, has undertaken an evaluation of global warming.
The objective is to examine the direct and indirect warming effects resulting from use of refrigerants. The direct component reflects the greenhouse-gas impact of the refrigerant, or refrigerant and insulation blowing agent, used in a system. The indirect effect results from combustion
emissions produced in powering the system. Examples include the carbon dioxide and nitrous
oxides, both greenhouses gases, from generation of electricity or combustion used for operation. This study was initiated to demonstrate the importance of considering both components
in future regulatory actions. Unless adequately documented, there is a risk that only the direct
effect (i.e., the heat trapping by refrigerant emissions) will be considered. The consequence
could be restrictions on future use of HCFC-22, H FC-134a, or other refrigerants by upcoming
global-warming control protocols, legislation, or regulations.
The primary analyses to quantify and assess tradeoffs between direct and indirect global
warming are being performed by staff of the Building Equipment Research Program of Oak
Ridge National Laboratory (ORNL). A companion study by the author for the Air-Conditioning
and Refrigeration Institute (ARI) provided characteristic performance data.1 The present study
J.M. Calm, Characteristic Efficiencies and Costs for Air-Conditioning Equipment with Selected Refrigerant Alternatives, report JMC/ AAl-9104A, Air-Conditioning and Refrigeration Institute, Arlington, VA.
USA, April 1991
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was undertaken to provide charge estimates that are consistent with the cited efficiency data
and to resolve identified inconsistencies in available charge data.

Refrigerant Charge
The quantity of refrigerant - referred to as refrigerant charge - used in air-conditioning and
refrigeration equipment is influenced by both thermophysical properties of the refrigerant and
design of the equipment. As borne out by data reported herein, significant variation results
from the selection of compressor type. Positive displacement compressors (e.g., reciprocating
piston, rotary rolling piston, scroll, and screw types) generally use lower charges per unit of
capacity than do dynamic designs, namely centrifugal (turbo} compressors. Variation also
results, particularly as efficiency is increased, from the alternatives of using increased heat
transfer surface (e.g., bigger heat exchangers) or more enhanced, and usually more expensive,
surfaces. Finally, and predictably, the charge for medium-pressure fluids (e.g., CFC-12 or HFC134a} generally will be greater than for a high-pressure refrigerant (e.g., HCFC-22) due to the
increased quantity of refrigerant that must be circulated for the same capacity. This effect is
less pronounced for centrifugal machines, for which increasing the impeller speed may be an
alternative depending on the design. For capacities below 150 tons, where positive displacement machines are used nearly exclusively, the more common alternative is to increase compressor displacement and maintain synchronous motor speed.

Data Source
The data reported in this document resulted from consolidation and analyses, described below,
of information voluntarily provided by manufacturers. Individualized requests were sent to the
same companies that provided data for the above-cited study on characteristic efficiencies.
Forms were prepared summarizing the input data provided for that study with places to add
corresponding charge data. The manufacturers were asked to enter the refrigerant quantities
for the equipment and refrigerants previously selected and optimized. A stated goal was to
insure consistency between the performance and charge data used to examine the direct and
indirect, global warming effects.
Data provided by the manufacturers were analytically determined, using product design and
other engineering models. Each manufacturer optimized the specific equipment addressed for
the individual refrigerants under consideration. The degree of optimization varied to the extents
feasible within the response time allowed, modeling abilities, and existing information on the
alternative refrigerants. The engineering models, in some cases, were calibrated and resulting
data verified against available experimental data.

Limitations
The participating manufacturers supplied a fair amount of proprietary and sensitive data, subject to assurance of confidential treatment. Collection, analysis, and publication of these data
has been limited to avoid dissemination of competitively-sensitive and/or proprietary informa-

tion. The protective measures are described in the companion report.2 Only one manufacturer
that had provided efficiency and relative cost data declined to provide charge data.

2
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Equipment and Refrigerant Options
The equipment and refrigerant options chosen for charge analyses were a subset of those previously selected by representatives of AFEAS, ARI, and ORNL for the efficiency study. Those
selections considered both the volume of refrigerant used and the ability of manufacturers to
provide the data needed. Equipment and refrigerant options for which insufficient or no data
were previously obtained were eliminated; charge data were obtained for the following options:
unitary air conditioners
•

2~ ton, split-system, air conditioner using HCFC-22 and HFC-134a (reference
system: HCFC-22, SEER = 1O Btu/Wh)

unitary heat pumps
•

2~ ton, split-system using HCFC-22 and HFC-134a (reference system: HCFC-22,
SEER = 10 Btu/Wh, HSPF = 6.8 Btu/Wh)

air-cooled chillers
• 100 ton chiller using consistent manufacturer's choice of reciprocating-piston,
screw, or scroll compressor(s) with HCFC-22 and HFC-134a (reference system:
HCFC-22, IPLV = 1.00 kW/ton)
water-cooled chillers
• 300 ton chiller using consistent manufacturer's choice of centrifugal (turbo) or
screw compressor with CFC-11 and HCFC-123, and/or CFC-12 and HFC-134a,
and HCFC-22 (reference system: centrifugal compressor, CFC-11, IPLV = 0.66
kW/ton)
• 1000 ton chiller using consistent manufacturer's choice of centrifugal or screw
compressor(s) with CFC-11, CFC-12, HCFC-22, HCFC-123, and HFC-134a
(reference system: centrifugal compressor(s), CFC-11, IPLV = 0.66 kW /ton)
• 3000 ton chiller with centrifugal compressor(s) with CFC-12, HCFC-22, and H FC134a (reference system: HCFC-22, IPLV = 0.66 kW/ton)

Charge Measures
Each manufacturer reported the refrigerant charge data in its customary units (e.g., total kg,
total lb, kg/ton, or lb/ton) to maintain familiarity and reduce avoidable errors. The data
received were converted to common units of kg/ton for consistent analyses.

Costs
The refrigerant charge amounts were determined by the independent manufacturers for equipment at several levels of fabrication cost, and therefore efficiency. The rationale for relating
charge and efficiency to costs is addressed in the earlier report. 3 The relative costs addressed
refer to costs of fabrication normalized to those of selected (representative) reference systems,
as identified above.

3
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Costs of Fabrication
The calculated fabrication costs comprised materials, labor, allocated tooling, integral components, refrigerant charge, and similar cost elements normally associated with the equipment
options addressed. The costs were estimated and normalized by the individual manufacturers
based on the designs for which efficiency data were provided. The capacities were maintained
at specified levels to enable subsequent comparisons. Sales mark-ups, typically higher for
premium performance products, and other cost margins were excluded to minimize the influence of competitive issues and to avoid antitrust concerns.
Costs associated with aesthetics, serviceability, and other features that do not impact efficiency
were excluded. Similarly, the cost of ancillary components and equipment (e.g., cooling towers
or similar devices, condensing and chilled water pumps, mechanical areas, and installation
provisions unique to specific refrigerants) were not included. The goal was to provide relative
costs consistent with production of the equipment involved rather than their installed costs.
Relative costs of fabrication do not address differences in pricing strategies among manufac-

turers or, even for a single manufacturer, between separate (e.g., low- and high-volume) products. More importantly, they do not reflect either the final cost to consumers or life-cycle costs
(e.g., including components for installation, operation, maintenance, and financing). They were
used in this study to attain consistency for efficiency comparisons. They are not intended to
suggest the comparative economic merits to the ultimate users.

Refrigerant Costs
The relative costs for the equipment include the factory-charged refrigerant. The charge quantities depend on the equipment, specific refrigerant, and efficiency. The refrigerant may represent of the order of 10% of the cost for some chillers. Each manufacturer used its own projections of 1995 refrigerant prices. Variations in predicted refrigerant prices, therefore, introduced
small differences between individual manufacturer analyses. Since the refrigerant charge size is
unique to individual designs, and is part of the equipment cost optimization for each refrigerant,
exclusion and subsequent addition of consistent refrigerant costs was not feasible.

Both actual and relative prices for refrigerants will change, during the next several years, for a
number of reasons. First, excise taxes will escalate for CFC-11 and CFC-12. Second, the
prices for refrigerants being phased out under the Montreal Protocol are likely to increase as the
supply falls and the primary source becomes reclamation. This prospect is particularly true for
CFC-12, for which a shortage may materialize, depending on the level of recycling for automotive air conditioning. Third, the prices for alternative refrigerants should drop as additional
commercial scale plants are completed. The current cost to a manufacturer for HFC-134a may
be three to four times that for CFC-12; the cost of the former will probably fall, while the latter
will certainly rise due both to scheduled excise taxes and potential shortages. The two prices
may cross between 1994 and 1996. Similarly, the prices for HCFC-123 and CFC-11 also may
cross, perhaps two years earlier.
The participating manufacturers were asked to project 1995 refrigerant prices, expressed in
1991 dollars for consistency in the present study. Allowing for full design, materials qualification, prototype testing, production design, tooling, manufacturing lead time, service personnel
training, and similar requirements, products require several years to make it into the market
place. Projected 1995 refrigerant price levels, therefore, are consistent with hardware costs
based on optimization with current technologies.
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Implied Costs
Depending on local construction codes and safety requirements, use of selected equipment

and/ or refrigerants may dictate additional installation provisions and costs. Proposed safety
classifications4 and anticipated code requirementsS may result, for example, in the need for a
special purge vent, sensors, mechanical room isolation, or similar equipment-area features for
some alternative refrigerants. Such features were omitted from the relative equipment costs
provided. They should, however, be considered in subsequent economic analyses using these
data. As an example, the cost of purge vents and sensors for chillers using HCFC-123 could
increase installation costs by the equivalent of 1-4% of the chiller cost, exclusive of ventilation
provisions, depending on the capacity and quantity. Installations using ammonia would incur
similar costs for tanks, stacks, or similar devices for safe release.

Data Consolidation
Insufficient and Inconsistent Data
The data obtained were limited for several options. There are, for example, only two domestic
manufacturers of very large chillers, in the several-thousand-ton class; the number of prospective respondents was, therefore, constrained.
Reporting a single manufacturer's data for an option - if noted as from a single respondent would compromise proprietary data. Similarly, flagging data consolidated from two companies
would enable each respondent to back out proprietary data from the other. Flagging applicable
data as from three or more firms would, by omission, signal the same information for other
cases. As a safeguard, neither the identities nor quantities of firms responding to each option
will be disclosed.
Data ranges were introduced in the subsequent tabulations, to signify uncertainty, when the
number of respondents was small or in cases for which reasonable dispersion was noted.
Where single efficiency values are provided instead of ranges , they imply sufficient responses
with high consistency.

Screening. Consolidation. and Analyses
The first analyses were to calculate charge-efficiency relations for the data for each option from
individual manufacturers. The curve fits used included a suite of linear and nonlinear equations.
No single equation form was dominant, indicating dissimilar approaches regarding charge size
for efficiency improvement among the independent manufacturers. The resulting regression
equations were plotted together with the raw data. These plots were examined to identify suspicious data and verify the fits. Data pointing to decreasing charge with efficiency, low correlations, and relations that did not follow anticipated patterns prompted further examination and
confidential manufacturer contacts. Some anomalies were explained and accepted; others
were corrected.
The data then were consolidated, by equipment and refrigerant options, and regression equations were fit to and plotted against the composite raw data. The resulting correlation coeffi4

5

Number Designation and Safety Classification of Refrigerants, First Public Review Draft, standard
BSR/ ASHRAE 34-1989R, American Society of Heating, Refrigerating, and Air-Cond itioning Engineers
(ASHRAE) , Atlanta, GA, USA, March 1991
Safety Code for Mechanical Refrigeration, First Public Review Draft, standard BSR/ ASHRAE 15-1989R,
ASHRAE, March 1991
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cients were assessed for statistical confidence. Finally, the regression equations for the consolidated data were used to extrapolate charge estimates at efficiencies consistent with those
for previously selected relative costs.

Results
The resulting data are summarized in tables 1 and 2; these tables provide the same information,
the latter in inch-pound units (lb/ton) and the former in metric measure (kg/ton). Table 2
(lb/ton) was prepared using unrounded data; attempts to compare the data in the two tables by
direct conversion of units, therefore, suggests minor, but false discrepancies. As used herein,
ton refers to capacity in refrigeration tons (12,000 Btu/h), sometimes indicated as RT or TR by
other authors.
Five explanatory notes may help in interpreting the data in tables 1 and 2:
• First, charge data within a single column of an equipment and capacity option are
for equivalent fabrication costs, not efficiencies. Comparative charge amounts for
consistent efficiencies are discussed below.
• Second, no comparisons of refrigerant charge should be made between equipment options or capacities with data for relative costs A and B. The corresponding values for either A or B are not necessarily the same except for the several
refrigerants within each equipment and capacity group.
• Third, some inconsistencies were noted in the charge data between equipment
options even for relative cost equal to 1.0. Discrepancies resulted from differences in the specific companies that provided the data for each option.
• Fourth, some of the charge differences for the 300 ton chillers relate to the selection of compressors. Low-pressure refrigerants CFC-11 and HCFC-123 are normally used only in centrifugal (turbo) compressors. In this capacity, high-pressure HCFC-22 is normally used in positive-displacement, screw compressors.
Medium-pressure refrigerants CFC-12 and H FC-134a are used with either com-

pressor type. Positive displacement machines, and the reciprocating piston and
scroll designs of lesser-capacities in particular, generally entail smaller charges.
This explanation has less validity for the 1000 ton chillers, for which the designs
selected were more commonly centrifugal types. The 3000 ton chillers were all
centrifugals. By contrast, the 100 ton chillers were all positive displacement
types, using reciprocating piston, scroll, or screw compressors. The unitary
equipment used hermetic reciprocating piston or scroll designs.
• Fifth, significant differences in charge were reported by individual manufacturers,
for the same capacity and refrigerant, for different efficiency levels. One manufacturer's data reflected variation by a factor of three for the efficiency levels considered; charges for high-efficiency levels that were double those for low-efficiency models were common. The differences among separate manufacturers
for the same capacity and refrigerant were even greater for several options.
Ranges are reported in these cases, since the fit to consolidated data resulted in
low correlations. The correlation coefficients were high where single values are
indicated.
Comparisons with the data presented should be limited to refrigerant options within each
equipment and capacity group; this study was not intended to enable broader comparisons.
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TABLE 1 - REFRIGERANT CHARGE IN AIR-CONDITIONING EQUIPMENT
(expressed as kg/ton)
charge at relative cost a
option

refrigerant

1.0

A

B

22
134a

0.91
0.76

1.09
1.01

1.28
1.27

22
134a

0.8 - 1.4
0.6 - 1.3

1.4 - 2.0
1.1 - 1.9

22
134a

0.74
0.72

0.85
0.91

1.04
1.10

• 300 ton

11
12
22
123
134a

0.91
1.24
0.6 - 1.2
0.5 - 1.1
1.0 - 1.2

1.02
1.31
0.7 - 1.3
0.6 - 1.2
1.1 - 1.3

1.48
1.57
1.4 - 2.0
0.9 - 1.5
1.3 - 1.6

• 1000 ton

11
12
22
123
134a

0.6 - 1.4
1.33
1.4 - 1.8
1.05
1.1 - 1.5

0.6. 1.5
1.39
1.5 - 1.9
1.10
1.2 - 1.5

0.7 -1.7
1.49

12
22
134a

1.0 - 1.4
0.6 - 1.5
0.7-1.4

1.1 - 1.5
0.9 - 1.6
0.8 - 1.5

unita[Y air conditioners
• 2Y.i ton, split system
unitary heat gumgs
• 21h ton, split system
air-cooled chillers
• 100 ton
water-cooled chillers

• 3000 ton

1.19
1.3 - 1.6

a Relative costs refer to costs of fabrication normalized to those of a selected (representative)
reference system. A and B are different for each equipment oEtion, but are the same for each
refrigerant within an equipment size. As a guide, 1.0 <A < , but 8-A does not necessarily
equal A-1.0. The relative cost levels indicated are consistent with tables 1 and 2 of the companion study on efficiency.6

6
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TABLE 2 - REFRIGERANT CHARGE IN AIR-CONDITIONING EQUIPMENT
(expressed as lb/ton}

charge at relative cost a
option

refrigerant

1.0

A

B

22
134a

2.00
1.68

2.41
2.23

2.83
2.81

22
134a

1.7 - 3.2
1.3 - 2.8

3.0 - 4.4
2.3 - 4.3

22
134a

1.62
1.59

1.88
2.01

2.29
2.43

n

12
22
123
134a

2.00
2.73
1.3 - 2.6
1.1 - 2.4
2.2- 2.6

2.25
2.88
1.5 - 2.9
1.3 - 2.6
2.4 - 2.9

3.27
3.45
3.1 - 4.4
2.0 - 3.3
2.9 - 3.5

11
12
22
123
134a

1.3 - 3.1
2.94
3.1 - 4.0
2.31
2.4 - 3.3

1.4 - 3.3
3.06
3.3 - 4.2
2.43
2.6 - 3.3

1.6 - 3.8
3.27

12
22
134a

2.2 - 3.1
1.4 - 3.4
1.4 - 3.0

2.4 - 3.3
2.0 - 3.5
1.7-3.3

unitary air conditioners
• 21h ton, split system
unitary heat gumgs
• 21h ton, split system
air-cooled chillers
• 100 ton
water-cooled chillers
• 300 ton

• 1000 ton

• 3000 ton

2.62
2.9 - 3.5

a Relative costs refer to costs of fabrication normalized to those of a selected (representative)
reference system. A and B are different for each equipment oEtion, but are the same for each
refrigerant within an equipment size. As a guide, 1.0 < A < , but 8-A does not necessarily
equal A-1.0. The relative cost levels indicated are consistent with tables 1 and 2 of the compan ion study on efficiency.
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Comparative Refrigerant Charge at Consistent Efficiencies
The preceding tables present quantitative charge data, at consistent relative costs of fabrication
within each equipment and capacity option. This approach was selected to facilitate comparison of direct and indirect global warming effects on the same basis as previously assembled
efficiency data. Table 1 (COP) or 2 (SEER, HSPF, or IPLV) of the companion study? must be
used to identify corresponding efficiencies in tables 1 (kg/ton) and 2 {lb/ton) of this report.
The following data for the 21h ton, unitary split-system air conditioner are discussed as an illustration. The comparative charge data for HFC-134a are lower than for HCFC-22 by 16, 7, and
1% at the three relative cost levels included in tables 1 and 2. But, the corresponding efficiencies with HFC-134a also are lower for the same costs, or corresponding relative costs , of fabrication. The refrigerant quantity for HCFC-22 at a COP of 2.93 (SEER of 1O Btu/ Wh) and capacity of 21h ton is 0.91 kg/ ton {2.00 lb/ ton), as indicated for relative cost 1.0. The charge for HFC134a at the same efficiency and capacity is 1.01 kg/ton {2.23 lb/ton), which is 11% higher as
shown for relative cost A. The precise value of relative cost A, for this equipment option, was
intentionally selected to enable comparisons between a machine with HFC-134a and the reference system with HCFC-22. A second comparison at a higher performance level, COP of
3.25 (SEER of 11.1), is possible using the charge data at relative costs A for HCFC-22 and B for
HFC-134a. This comparison again indicates a higher charge requirement, by 17%, for HFC134a.
Figures 1 illustrates comparative charges at consistent efficiencies for unitary air conditioners
and heat pumps. Figure 2 does the same for selected chillers. The jagged bars (e.g., those for
the heat pump in figure 1) depict ranges comparable with those in the tables.
Several points are worth highlighting:
• Substitution of HFC-134a for HCFC-22 leads to significantly increased charge for
positive-displacement equipment. While the underlying analyses were based on
single-speed compressors, the same conclusion would be true if inverter-driven
motors (i.e., adjustable-speed compressors) were used for both refrigerants.
• The ratio between the HFC-134a and HCFC-22 charge amounts increases with
higher efficiencies. One way to improve efficiency is to use bigger heat exchangers. HFC-134a requires larger tube sizes or more tubes - particularly in condensers - to achieve equivalent performance. The increased internal volume
dictates a larger charge, which therefore increases more rapidly for HFC-134a.
• Comparison of the charge size, between conventional refrigerants and the mostlikely replacements, is more complicated for larger equipment. The charge
amount could be significantly higher, the same, or lower for use of HCFC-123 in
place of CFC-11 , HFC-134a in place of CFC-12, or HCFC-22 in place of either
CFG-11 or CFC-12 for chillers with centrifugal (turbo) compressors. The reason is
that impeller modifications or speed changes coupled with heat exchanger
redesign can compensate for differences in circulation rates, without necessarily
changing the charge amount. Use of HFC-134a with screw compressors in place
of CFC-11 with centrifugal compressors, for the applicable capacities, probably
would result in comparable or higher charges at the same overall efficiencies.
Figure 2 again reflects a higher charge ratio between HFC-134a and HCFC-22
with improved efficiency for the air-cooled, 100 ton chiller. The same effect would
be less pronounced for water-cooled chillers, since the refrigerant generally is on
the shell-side of water-cooled, shell-and-tube condensers.
7
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charge (lb/ton)
0
100 ton air-cooled
IPLV 1.00 (COP 3.5)
HCFC-22
HFC-134a
IPLV 0.93 (COP 3.8)
HCFC-22
HFC-134a

4

3

2

I

300 ton water-cooled
lPLV 0 .66 (COP 5.3)
CFC - 11
CFC-12
HCFC-22
HCFC-123

j

HFC•134a
I

I

0

0.5

,

1.5

2

charge (kg/ton)

FIGURE 2 - COMPARATIVE REFRIGERANT USE AT CONSISTENT EFFICIENCIES
IN REPRESENTATIVE CHILLERS

Refrigerant Charge in Air-Conditioning Equipment
for Selected Refrigerant Alternatives

page 11
report JMC/ AFEAS-9106C

Comparisons to Related Studies
The data resulting from the present study were compared to those from several related works to

examine consistency. The results are summarized in tables 3 and 4, in kg/ton and lb/ ton
respectively.
As a general comment, differences in the charge data between the four studies summarized
should be anticipated for two reasons. First, the corresponding efficiency-levels are not identified for the three earlier studies. The data from the present study illustrate the variability of
charge with efficiency. Second, the data are for equipment that were manufactured at different
times, reflecting design differences associated both with heat exchanger advances and dissimilar refrigerant costs.

JARAC
The first study examined was from a survey of 504 centrifugal chillers in the Tokyo metropolitan
area and adjacent prefectures.a The survey was performed by an ad-hoc committee of representatives of contractors and manufacturers for the Japanese Association of Refrigeration and
Air-Conditioning Contractors {JARAC) in 1989. Only chillers for office and other commercial
buildings were considered in the present comparisons, though the Japanese survey also
addressed those for industrial and other uses. The JARAC survey provides charge data for
chillers, primarily those employing CFC-11 , CFC-12, and CFC-1i3; the last was not addressed
in the present investigation. The Japanese data indicate charges that are approximately 50%
higher for CFC-11 and CFC-12. This discrepancy is readily explained, however. The average
age of the equipment surveyed in Japan was approximately 15 years. The chillers in the present study were optimized for reduced charge in light of projected 1995 refrigerant prices,
including the excise tax on chlorofluorocarbon (CFC) refrigerants in the United States.
Advances in heat exchanger surface enhancement also enable reduced internal volume, and
therefore charge. The significant reduction in charge, therefore, is understandable.
Radian
Under a research contract to the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRA~, Radian Corporation summarized the service records of 48 chillers
installed in central Texas.9, O The data again reflect older chillers with an average age of 8.5
years in 1989. The comparative results are similar, with refrigerant charges in the present study
again significantly lower for the same reason as in the JARAC survey.

ARI Response to EPA Data Request
In response to a request from the U.S. Environmental Protection Agency (EPA), ARI collected
information on costs and refrigerant emissions for chillers from its members. This survey was

8

A. Miyasaka, Survey on the Use and Emission

of Chlorofluorocarbons in Centrifugal Chillers, Japanese

Association of Refrigeration and Air-Conditioning Contractors (JARAC), Tokyo, Japan, 31 March 1989
9 Radian Corporation, Survey of the Use and Emission of Chlorofluorocarbons from Large Chillers, final
report for 603-RP, American Society of Heating, Refrigerating, and Air-Conditioning Engineers. Atlanta,
GA, USA, September 1989
·
10 K. E. Hummel, T. P. Nelson, and P. A. Thompson, Survey of the Use and Emission of Chlorofluorocarbons from Large Chillers - 603-RP, technical paper 3536, American Society of Heating, Refrigerating,
and Air-Conditioning Engineers, Atlanta, GA, USA, June 1991
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performed nearly concurrently with the present study. The resultant data11 are protected as
privileged or confidential under federal regulations.12 Only nonsensitive charge data are
addressed herein.
As shown in tables 3 and 4, the characteristic charge for chillers with reciprocating-piston compressors with typical performance falls within the range reported in the AR I survey. They are
somewhat lower for chillers with screw compressors and HCFC-22. They are at the low end for
CFC-11, high end for CFC-12, and span or exceed the range for HCFC-22 with centrifugal
compressors. Matching data from individ4al companies with unpublished data from both
studies indicates that independent sources within the same company reported dissimilar
charge data in some cases, though the reporting instructions were not the same. The present
study was based on a more rigorous analysis by individual companies and tied charge, efficiency, and cost of fabrication together. Moreover, the present study addressed systems optimized for projected 1995 refrigerant prices. The data reported for the ARI survey were more
representative of current equipment without differentiation by efficiency or cost. The only surprise, therefore, was that the CFC-12 chillers using centrifugal compressors tended to use
larger charges, but this may simply be a reflection of aggregation of CFC-12 and HCFC-22 data
in the ARI survey to satisfy the request being responded to.
Findings
Three findings result from the data comparisons:
• The refrigerant charge in new equipment is projected to be significantly lower
than for existing equipment, including both that in present use and that still in
production. The consequence for tradeoff studies of direct and indirect global
warming effects will be dramatic reductions in the direct effect, attributable to the
greenhouse gas effect of refrigerants.
• The typical refrigerant charge in currently produced equipment is already well
below that of older models.
• Even high-efficiency chillers (relative costs A or B in tables 1 and 2) with increased
refrigerant charge will use less refrigerant than older chillers, implying reductions
in both direct and indirect global warming with their use.

11 R. J . Denny, EPA/ICF 1991 Ch/lier Survey - ARI Summary of Member Responses, unpublished confidential report, Air-Conditioning and Refrigeration Institute, Arlington, VA, USA, tables 0 .1O and 0.11, 13
May 1991
12 Code of Federal Regulations, Title 15, Section 325.16(b) (2)
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TABLE 3 - COMPARISON OF CHARGE DATA FOR CHILLERS
WITH PRIOR STUDIES (expressed as kg/ton)
compressor{s)
capacity (ton)

refrigerant

JARAC

Radian

(1974±)b

(1980±)

ARI/EPA
(:S i991)

this studya

(-1995)

reciprocating-piston

60-100
100 c

12 or 22
22

0.7 - 0.9

200

100 c

22
22

0.9 - 1.4

300C

22

0.74

0.74

0.6 - 1.2

centrifugal

291 (average)
300 (average}
300
400
148 (average)
200-2500
300
1000
1260
3000

200-2500
1000
3000

11

11

1.55

1.45

11
11

12

12 or 22

0.91
0.9 - 1.4
1.69
0.5 - 1.4

12
12
12

1.24
1.33
1.75

12

1.0 - 1.4

12 or 22

0.5 - 1.4

22
22

101 (average)
135-250
160

113

400

114

113
113

1.4 - 1.8
0.6. 1.5

2.64

0.9 - 2.2
1.39

1.4

a Charge data indicated for the present study are for relative costs of 1.0. Charge quantities for
higher efficiency equipment are presented in tables 1 and 2.
b The years under the study identifier indicate the average production year for the equipment
addressed.
c Charge data are for chillers with reciprocating-piston or twin-screw compressors.
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TABLE 4 - COMPARISON OF CHARGE DATA FOR CHILLERS
WITH PRIOR STUDIES (expressed as lb/ ton)
compressor(s)
capacity (ton)

refrigerant

JARAC
{1974 ±)b

Radian

{1980±)

ARI/EPA
( :$

i 991)

this studya

(- 1995)

reciprocating-piston
60-100
100 c

200

100 c

300C

12 or 22
22

1.5 - 2

22

2-3

1.62

22

1.62
1.3 - 2.6

22

centrifugal

291 (average)
300 (average)
300
400

11
11
11
11

3.42

148 (average)
200-2500
300
1000
1260

12
12 or 22
12
12
12

3.73

3000
200-2500
1000
3000

3.20
2.00
2-3

1-3
2.73

2.94
3.85

12

2.2 - 3.1

12 or 22
22
22

101 (average)
135-250
160

113
113
113

400

114

1-3
3.1 - 4.0
1.4 - 3.4

5 .83
2- 4.8
3.06

3

a Charge data indicated for the present study are for relative costs of 1.0. Charge quantities for
higher efficiency equipment are presented in tables 1 and 2.
b The years under the study identifier indicate the average production year for the equipment
addressed.
c Charge data are for chillers with reciprocating-p iston o r twin-screw compressors.
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Conclusions
The resulting data provide a basis for evaluatiun or direct global warming effects, for conventionally applied and near-term alternative refrigerants. Refrigerant charge data are presented for
representative air-conditioning equipment at several cost levels. Examination of net global
warming, considering both direct and indirect effect, is needed in light of charge and performance differences for the refrigerants examined.
Comparison of the charge size between conventional refrigerants and the most-likely replacements depends on the specific equipment. The charge size could be significantly higher, the
same, or lower for use of HCFC-123 in place of CFC-11, HFC-134a in place of CFC-12, or
HCFC-22 in place of either CFC-11 or CFC-12 for chillers with centrifugal (turbo) compressors.
The reason is that impeller modifications or speed changes coupled with heat exchanger
redesign can compensate for differences in circulation rates, without necessarily changing the
charge amount. Use of HFC-134a with screw compressors in place of CFC-11 with centrifugal
compressors, for the applicable capacities, probably would result in comparable or higher
charges at the same overall efficiencies. Use of HFC-134a in place of HCFC-22 in positive-displacement machines generally will result in significantly increased charge for the same efficiency.
Wide variability is apparent in refrigerant charge amounts between manufacturers for the same
efficiency levels and/or costs of fabrication, bearing out the consequences of dissimilar product
designs. Comparison of the data obtained with published data and estimates for older through
current equipment indicate that significant reductions in refrigerant charge are projected for new
chillers. Even high-efficiency chillers, that reduce indirect global warming by improved performance, will use reduced charge compared to older models, thus also reducing the global
warming attributable to direct greenhouse gas effects.
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