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PREFACE

This report is one of a series of papers written at The Rand Cor-
poration on policy issues associated with chemicals that could poten-
tially deplete ozone in the stratosphere (“potential ozone depleters”).
Stratospheric ozone is important because the ozone layer helps shield
the earth from harmful ultraviolet radiation. Increases in ultraviolet
radiation may threaten human health, speed deterioration of certain
materials, reduce crop yields, and have a wide range of potentially
important ecological effects. Atmospheric models developed and tested
over the last decade suggest that global human emissions of potential
ozone depleters may lead to chemical reactions that reduce strato-
spheric ozone, thereby increasing ultraviolet radiation with its concom-
itant effects. Substantial scientific uncertainty persists about whether
human emissions of these chemicals actually threaten the stratospheric
ozone layer and, if they do, whether lower ozone levels actually
threaten human health and other activities at the earth’s surface that
concern policymakers. Policymakers must act in the face of this uncer-
tainty, however, and Rand’s work is designed to help them act with the
best information available.

To that end, The Rand Corporation is developing a series of reports
addressed to analysts and policymakers responsible for policy decisions
on emissions of potential ozone depleters in the United States and else-
where. These documents report the results of research that includes
extensive literature reviews, interviews with knowledgeable officials
associated with the production and use of potential ozone depleters,
and formal chemical, cost, economic, and statistical analyses. The
series should also interest the much broader audience of analysts and
decisionmakers whose organizations would feel the effects of govern-
ment policies with respect to emissions of such chemicals.

Published papers in the series include the following:

e A. R. Palmer, W. E. Mooz, T. H. Quinn, and K. A. Wolf,
Economic Implications of Regulating Chlorofluorocarbon Emis-
sions from Nonaerosol Applications, R-2524-EPA, June 1980.

e A. R. Palmer, W. E. Mooz, T. H. Quinn, and K. A. Wolf,
Economic Implications of Regulating Nonaerosol Chlorofluorocar-
bon Emissions: An Executive Briefing, R-2575-EPA, July 1980.

e K. A Wolf, Regulating Chlorofluorocarbon Emissions: Effects on
Chemical Production, N-1483-EPA, August 1980.



iv

e A R. Palmer and T. H. Quinn, Economic Impact Assessment of
a Chlorofluorocarbon Production Cap, N-1656-EPA, February
1981.

e A. R. Palmer and T. H. Quinn, Allocating Chlorofluorocarbon
Permits: Who Gains, Who Loses, and What Is the Cost?
R-2806-EPA, July 1981.

e W. E. Mooz, S. H. Dole, D. L. Jaquette, W. H. Krase, P. F.
Morrison, S. L. Salem, R. G. Salter, and K. A. Wolf, Technical
Options  for  Reducing  Chlorofluorocarbon  Emissions,
R-2879-EPA, March 1982.

e E. M. Sloss and T. P. Rose, Possible Health Effects of Increased
Exposure to Ultraviolet Radiation, N-2330-EPA, July 1985.

e T. H. Quinn, K. A. Wolf, W. E. Mooz, J. K. Hammitt, T. W.
Chesnutt, and S. Sarma, Projected Use, Emissions, and Banks
of Potential Ozone-Depleting Substances, N-2282-EPA, January
1986.

e F. Camm and J. K. Hammitt, An Analytic Method for Con-
structing Scenarios from a Subjective Joint Probability Distribu-
tion, N-2442-EPA, May 1986.

e F. Camm, T. H. Quinn, A. Bamezai, J. K. Hammitt, M.
Meltzer, W. E. Mooz, and K. A. Wolf, Social Cost of Technical
Control Options to Reduce the Use of Potential Ozone Depleters
in the United States: An Update, N-2440-EPA, May 1986.

e W. E. Mooz, K. A. Wolf, and F. Camm, Potential Constraints on
Cumulative  Global  Production of Chlorofluorocarbons,
R-3400-EPA, May 1986.

This report was produced under Cooperative Agreement No.
CR811991-02-0 with the U.S. Environmental Protection Agency.



SUMMARY

Global human emissions of chlorofluorocarbons (CFCs) and several
related chemicals may reduce the concentration of stratospheric ozone
and, in so doing, may induce significant negative effects on human
health and a variety of economically important activities. Emissions of
these “potential ozone depleters” depend fundamentally on their pat-
terns of production over time. For the United States and the world as
a whole, this report describes current patterns of use and projects
future production levels for the seven most important potential ozone
depleters—CFC-11, CFC-12, CFC-113, carbon tetrachloride, methyl
chloroform, Halon 1211, and Halon 1301—over the period 1985 to
2000. The projections are based on detailed analysis of the major
applications of these chemicals. The analysis is particularly detailed
for CFC-11 and CFC-12, which are believed to be the most important
potential ozone depleters.

Table S.1 summarizes the findings on estimated current and pro-
jected use for the world as a whole. Each projection includes a
midrange estimate and a range of urcertainty around this estimate for
2000 that reflects three sources of uncertainty:

Table S.1

ESTIMATED CURRENT AND PROJECTED WORLD USE OF
POTENTIAL OZONE-DEPLETING SUBSTANCES

Use (thousands of metric tons)

Average Annual

Projected in 2000 Growth Rate (%)
Chemical 1985 Midrange Uncertainty (%) Lower Upper
CFC-11 341.5 560 -25 to +32 14 5.2
CFC-12 443.7 620 —-26 to +34 0.3 4.3
CFC-113 163.2 420 -31 to +44 39 9.2
Methyl chloroform 544.6 840 -26 to +34 0.9 5.0
Carbon tetrachloride 1029.0 1550 -25 to +33 0.8 4.8
Halon 1301 10.8 20 ~38 to +59 1.1 7.6

Halon 1211 10.8 20 -39 to +60 0.9 7.6




e The rate of general economic growth,
The rate of growth in demand for products using each chemical
relative to the rate of general economic growth, and

¢ Economic, technical, and regulatory effects on demand for each
chemical relative to the demand for the products in which it is

used.

The projections assume no change in the regulations of these sub-
stances relating to potential ozone depletion, although they do consider
other regulations such as the U.S. ban on land disposal of waste chlori-
nated solvents.

CFC-11 and CFC-12 are used in a variety of applications. Both are
widely used as aerosol propellants. CFC-11 is used extensively as a
blowing agent in manufacturing plastic foams and CFC-12 is widely
used as a refrigerant. Carbon tetrachloride’s principal use is as a
chemical intermediate in the production of CFC-11 and CFC-12,
although it is also used as a solvent and grain fumigant. CFC-113 and
methyl chloroform are both solvents. CFC-113 is widely used in the
electronic industry, whereas methy! chloroform is a general purpose
solvent used in everything from electronics to shipbuilding. Halon
1301 and 1211 are newly marketed fire extinguishants used to protect
valuable equipment.

In general, production of these chemicals will likely grow in step
with the global economy, but average annual growth rates for individ-
ual chemicals could range from near 0 to 8 and 9 percent over the next
15 years. CFC-113 and the Halons are likely to grow the fastest.

Atmospheric modelers could use subjective probability distributions
for chemical production, such as those reflected in the limits on the
production ranges shown in Table S.1, to construct emission scenarios.
In doing this, they should keep in mind that the joint probability of
observing all low or all high growth rates is far smaller than the proba-
bility of observing a low or high growth rate for any chemical individu-
ally. Moreover, the growth rates for each chemical are probably corre-
lated because of their relationship to general economic growth. To
construct emission scenarios that account for the correlation among
individual chemical growth rates, we propose a method and a resulting
set of production scenarios in Camm and Hammitt (1986). By taking
account of the time pattern of emissions from various applications
these production scenarios can be translated to emission scenarios
similar to those reported in Quinn et al. (1986).

In assessing the importance of each chemical to the possibility of
significant depletion of stratospheric ozone (or other concerns, like
climatic change), it is not appropriate to simply compare production
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levels. Both the fraction of production that is ultimately emitted and
the time pattern of emissions vary among chemicals. Moreover, the
estimated effect of an equal quantity of each chemical on the ozone
differs dramatically, perhaps by a factor of one hundred or more for the
seven potential ozone depleters we consider. Thus, even though carbon
tetrachloride and methyl chloroform are produced in the largest quanti-
ties, CFC-11 and CFC-12 are probably the most important of the
chemicals considered here. Consequently, the report examines their
use in the greatest detail.

The development of the projections reported here involves the
development of a transparent set of accounts that can be used to calcu-
late the joint implications of a large number of necessarily subjective
judgments about the future. Wherever possible, we have sought the
best expert judgment available as a basis for these projections. In the
end, of course, the reader may disagree with judgments reported here.
To the full extent possible, we have attempted to make it as simple as
possible to trace the implications of changes in the assumptions that
underlie the current results.

The accounts developed differ from one chemical to another to suit
differences in the quality of data available. The production of CFC-11
and CFC-12 and U.S. chemical production generally receive the most
attention because data on other chemicals and regions are in general
less complete. Other world production outside the communist coun-
tries receives the next most detailed treatment, although gaps in the
available data often require that we rely on U.S. data to infer produc-
tion levels elsewhere. Production in the communist countries is the
most difficult to analyze. To estimate global totals we estimate com-
munist country use based on the best available data, but these esti-
mates are the least certain of all.

In general, the accounts work from the bottom up, building from
information about chemical use in particular products and regions to
global production. But this method does not always yield global totals
that are consistent with “top-down” information from other sources,
like the Chemical Manufacturers Association. We review our differ-
ences with top-down sources and suggest a way to reflect them in the
projections developed here.

Rand’s work on current and likely future production of these chemi-
cals is continuing, particularly with regard to U.S. production.
Although the information presented here represents the best informa-
tion we have today, we expect our understanding of current and
future trends to improve as the work proceeds.
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I. INTRODUCTION

Release of several chlorofluorocarbons (CFCs) and related chemicals
to the atmosphere may reduce the concentration of ozone in the strato-
sphere. Almost all emissions of these chemicals result from human
activities. Depletion of stratospheric ozone would increase the amount
of ultraviolet radiation that penetrates to the earth’s surface, poten-
tially causing increases in human skin cancers and adverse effects on
plants, animals, and marine life. In addition, when these substances
are released to the atmosphere they may reduce the radiant cooling of
the earth, thereby creating a “greenhouse effect,” possibly warming the
earth’s surface and changing its climate.!

Potential ozone-depleting chemicals are used in a wide range of
products. They are used to manufacture foam cushioning and insula-
tion products, as the refrigerant in refrigeration and air conditioning
systems, as solvents to clean electronic and other components in
manufacturing processes, and as aerosol propellants and fire
extinguishants. This report describes the major world uses of these
chemicals, estimates the current quantities used in each product area,
and projects future use to 2000.

Estimates of current use and projected future use are reported
separately for the United States, the other non-communist countries,
and the communist countries. This distinction is relevant because we
have much better information on U.S. than on foreign use of most of
these chemicals, and better information on non-communist than on
communist use. Nearly all of the production of CFC-11 and CFC-12
outside the communist countries is by companies that report their pro-
duction to the Chemical Manufacturers Association (CMA); production
in the communist countries is not reported. Consequently, we divide
the world into three regions for analysis: the United States, the “other
reporting countries,” and the “communist countries” (including the
Soviet Union, Eastern Europe, China, and the other communist Asian
nations). The non-communist countries are jointly called the “report-
ing countries.”?

1For more information on the atmospheric processes and possible adverse conse-
quences see Ramanthan et al. (1985) or National Academy of Sciences (1976, 1979, 1982,
1984).

2We treat annual production and use of the chemicals within regions as equivalent,
since inventories and net regional imports and exports are generally small. As described
in Appendix A, however, the difference between production and use in a single nation,
the United States for example, may be significant. Systematic data on imports and



The chemicals discussed in this report are limited to those believed
to pose the greatest threat to stratospheric ozone, if such a threat
exists, as indicated by computer models that simulate atmospheric
chemistry. They include CFC-11, CFC-12, CFC-113, methyl chloro-
form, Halon 1211, Halon 1301, and carbon tetrachloride. Current con-
sumption estimates for the three world regions are summarized in
Table 1.1.

Carbon tetrachloride and methyl chloroform are produced in the
greatest quantities but are not considered the most important potential
ozone depleters. Carbon tetrachloride is used primarily as a chemical
intermediate in the production of CFC-11 and CFC-12, so the quanti-
ties that may be emitted are only a fraction of total production
estimated here.® Although most methyl chloroform is used as a solvent
and eventually released to the atmosphere, it is relatively unstable in
the atmosphere and consequently more likely to decompose without
reaching the stratosphere.

CFC-11 and CFC-12 are considered the most important potential
ozone depleters because of their high production levels and relative
depletion potency. CFC-113 use is significantly smaller, but CFC-113
is thought to be almost as effective a potential depleter as the two
other CFCs.

Table 1.1

ESTIMATED 1985 WORLD USE OF POTENTIAL
OZONE-DEPLETING SUBSTANCES

(In thousands of mt*)
Other
United Reporting Communist
Chemical World States Countries Countries
CFC-11 341.5 75.0 225.0 41.5
CFC-12 443.7 135.0 230.0 78.7
CFC-113 163.2 73.2 85.0 5.0
Methyl chloroform 544.6 270.0 187.6 87.0
Carbon tetrachloride 1,029.0 280.0 590.0 159.0
Halon 1301 10.8 54 54 0.0
Halon 1211 10.8 2.7 8.1 0.0

*Metric tons.

exports of each chemical needed to estimate the size of the difference are apparently not
publicly available, however.
3See Quinn et al. (1986) for a more explicit analysis of possible chemical emissions.



The Halons are produced in only small quantities, about 11,000 mt
each worldwide. However, they contain bromine, which may be a much
more effective ozone depleter per atom than the chlorine contained in
the other substances. Although the Halons may not be important
potential ozone depleters at present, their use is expected to grow
rapidly and they may become more important in the future.

As shown by Table 1.1, the United States currently accounts for
about one-quarter to one-half of world use of these potential ozone
depleters. The U.S. share of specific applications of CFC-11 and CFC-
12 is generally similar, except for use in aerosols where, because of a
U.S. ban on CFCs in “nonessential” aerosol applications, the United
States accounts for only about 5 percent of world use. Use in the com-
munist countries is estimated to be less than 20 percent of the global -
totals. Because of the limited data available on communist use, the
text focuses on use in the CMA reporting countries. Estimates of com-
munist use are derived in Sec. X.

An important feature of these chemicals is their chemical stability:
They do not readily react with others. This stability coniributes to
their safety and usefulness in a variety of applications but also to their
potential threat to stratospheric ozone. Because of this stability most
of these chemicals are believed to survive in the atmosphere 50 to 100
years or longer, so their concentrations in the lower atmosphere may
remain high for many years after release. Only a small fraction of the
molecules of these chemicals in the lower atmosphere is transported to
~ the stratosphere; there it is decomposed by ultraviolet radiation and

the freed halogen atoms may catalytically react with the ozone
molecules. Consequently, if depletion occurs it may persist for decades,
even if emissions are terminated. The radiative effect of these chemi-
cals as greenhouse gases would also be persistent.

Differences in the time pattern of chemical emissions between prod-
ucts may be important. In some applications, such as aerosol propel-
lants, the chemicals are released directly to the atmosphere as the aero-
sol product is used. In other uses, such as home refrigerators, the
chemical is contained in a hermetically sealed system and not emitted,
except for minor leakage, until the product is disposed of. If disposed
of before the seals are broken it is theoretically possible to recover the
chemical and so prevent emission, although it may not be practical. In
cases like this the chemical constitutes a bank that may be released
sometime in the future, or possibly never released.

Other chemicals may also affect the concentration of stratospheric
ozone. Most of those that are suspected ozone depleters are simple
organic molecules containing either chlorine or bromine. Other gases,
including methane and oxides of nitrogen, may increase or decrease



stratospheric ozone concentrations, depending on the concentrations of
other perturbants. Carbon dioxide emissions are believed to generally
increase ozone concentrations. These gases are being examined in
other research efforts funded by the Environmental Protection Agency
(EPA) and other agencies. However, none of the other potential ozone
depleters is thought to be as likely to pose a threat as the chemicals
discussed here. The other chemicals may be less important either
because they are produced in smaller quantities or because they are less
likely to reach the stratosphere. Perhaps the most widely used of these
less important chemicals is CFC-22, which is extensively used as the
refrigerant in air conditioners and other refrigeration equipment.

CURRENT APPLICATIONS

The seven chemicals we discuss are used in the following applica-
tions: aerosol dispensers, rigid foam insulation and related products,
flexible cushioning foams, refrigeration and air conditioning systems,
solvents, fire extinguishants, and other products.

CFC-11 and CFC-12 are used in diverse applications. In the CMA
reporting countries, CFC-11 is used almost entirely as an aerosol pro-
pellant and as a blowing agent in producing rigid and flexible foams.
As shown by Fig. 1.1, these three uses account for an estimated 90 per-
cent of reporting country use. Most of the remainder represents the
difference between the sum of our estimates of CFC-11 use in each
product area and total use, based on total production as reported by
CMA (1985) for the last several years (see Appendix A for details).

In the United States, CFC use in “nonessential aerosols” was
banned by the EPA effective in 1979 (the ban was announced in 1977).
As a result, aerosols account for only about 5 percent of U.S. CFC-11
use, whereas rigid foams account for about half. The manufacture of
flexible foam accounts for about one-fifth, similar to its share of world
use. The unallocated uses, about 18 percent, represent the difference
between the applications for which we estimate current use and 1985
domestic use estimated from U.S. International Trade Commission
(ITC) production data (see Appendix A). We believe that part of the
unallocated use of CFC-11 is in refrigeration and air conditioning (see
Appendix B). In addition, it includes storage, packaging, and transport
losses that may account for about 2 percent of use (see Wolf, 1980).

Reporting country and U.S. use of CFC-12 are shown in Fig. 1.2.
An estimated 32 percent of CFC-12 use in the reporting countries is as
an aerosol propellant, whereas 27 percent is used in the refrigeration
applications we analyze, including mobile air conditioning, retail food
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refrigeration, chillers (large commercial and industrial air conditioning
systems), and home refrigerators and freezers. The unallocated uses
total 22 percent.

In the United States, aerosols account for only about 4 percent of
use, about the same share as of CFC-11. The refrigeration applications
account for 44 percent, of which mobile air conditioning is by far the
largest component. The unallocated uses are about 31 percent of
estimated total domestic use. As discussed in Appendix B, we suspect
that a large part of the unexplained use of CFC-12 is in food refrigera-
tion applications, both in the United States and abroad. Again,
storage, packaging, and transport losses may account for about 2 per-
cent of total use.

The other chemicals are concentrated in fewer applications. Methyl
chloroform and CFC-113 are used almost exclusively as solvents.
CFC-113 is used largely in the electronics industry to “deflux” printed
circuit boards and clean plastic parts including semiconductors; methyl
chloroform is a general purpose solvent used in many types of metal
and other cleaning applications. A small amount of CFC-113 is also
used in specialty refrigeration applications.

Carbon tetrachloride is produced in larger quantities than any of the
other chemicals but most is transformed into CFC-11 or CFC-12.
Additional carbon tetrachloride is used as a solvent, as a grain fumi-
gant, and in the pharmaceutical industry, but chemical producers in
the United States have agreed to stop using it as an active ingredient
in pesticides by 1986.

Halon 1211 and Halon 1301 are relatively new and are produced in
small but growing quantities. They are used as fire extinguishants,
Halon 1301 primarily in total flooding systems used to protect com-
puter installations and other expensive equipment, Halon 1211 pri-
marily in hand-held extinguishers.

SUMMARY OF PROJECTED USE

Table 1.2 summarizes current and projected annual global use of the
seven potential ozone depleters we analyze. As described in Sec. II, our
projections include a base production level assuming continuation of
current and foreseeable trends and a range of uncertainty surrounding
the base projection. They assume no change in the perceived likeli-
hood of regulations on use or emissions of these chemicals because of
the threat of potential ozone depletion. Thus, they are meant to
characterize future use in the absence of additional regulations on
potential ozone depleters as such. The projections do account for the



Table 1.2

ESTIMATED CURRENT AND PROJECTED WORLD USE
OF POTENTIAL OZONE DEPLETERS

(In thousands of mt)
2000 Use
Annual
1985 Base Base Growth Range of
Chemical Use Use Rate (%) Uncertainty

CFC-11 341.5 560 3.3 -140 to +180
CFC-12 443.7 620 2.3 -160 to +210
CFC-113 163.2 420 6.5 -130 to +180
Methyl chloroform 544.6 840 3.0 -220 to +290
Carbon tetrachloride 1029.0 1550 2.8 -390 to +510
Halon 1301 10.8 20 4.4 -8 to +12
Halon 1211 10.8 20 4.2 -8 to +12

possibility of other regulations, such as the U.S. ban on land disposal
of chlorinated solvents and regulations affecting substitute chemicals.

Table 1.2 characterizes the projections in terms of the projected base
level of use, the average annual growth rate necessary. to achieve that
base level, and the range of uncertainty about the future level of use.
Recall that the chemicals differ in the degree to which they may reduce
the concentration of stratospheric ozone because of differences in emis-
sion patterns and chemical reactions in the atmosphere. Although car-
bon tetrachloride is produced in the largest quantities, because its dom-
inant use is as a chemical intermediate only a small fraction of current
production is released to the atmosphere (we estimate about 6 percent;
see Quinn et al., 1986). Similarly, methyl chloroform, despite its large
production volume, is not believed to be as important a potential ozone
depleter as the three CFCs, because much of it decomposes in the lower
atmosphere. In contrast, the Halons are thought to be very potent
ozone depleters and thus merit attention despite their low production
levels.

The seven chemicals may be divided into two groups on the basis of
their expected future growth rates. As shown in Table 1.2, the baseline
projections for CFC-11, CFC-12, methyl chloroform, and carbon tetra-
chloride involve growth at an average annual rate of about 3 percent.
In contrast, CFC-113 and the two Halons are projected to grow much
more rapidly: Their base projections entail about 4 to 6 percent



average growth until 2000. This contrast reflects a fundamental differ-
ence between the two groups of chemicals: The first, slowly growing
group includes chemicals that have been produced for many years and
have found applications in a variety of uses. In contrast, the second
group is composed of “specialty” chemicals that are used in a narrower
set of applications but are making rapid inroads in these markets.

Table 1.2 indicates that absolute uncertainty about future produc-
tion is greatest for carbon tetrachloride and methyl chloroform,
because of their high production levels. Future CFC-12 production is
somewhat less certain than future CFC-11 production. The range for
CFC-113 is almost as broad as for CFC-11, in part because the
expected growth rate is higher. In contrast, the ranges for the Halons
are significantly smaller because of their low production levels.

Tables 1.3 and 1.4 report the projected use of CFC-11 and CFC-12
in each application.* CFC-11 is used primarily as an aerosol propellant

Table 1.3

ESTIMATED CURRENT AND PROJECTED WORLD USE OF CFC-11
(In thousands of mt)

2000 Use
Annual
Applications in 1985 Base Base Growth Range of
Reporting Countries  Use Use Rate (%) Uncertainty
Aerosol 93.7 95 0.1 -37 to +59
Foam production
Rigid 1158 260 5.5 -67 to +89
Slabstock 45.0 74 34 -26 to +39
Molded 12.0 12 0.3 -4.2 to +6.2
Refrigeration and
air conditioning
Centrifugal chillers 9.9 11 0.9 -32 to +43
Miscellaneous and
unallocated uses 23.6 39 34 -98 to +13
Communist countries 41.5 100 6.0 -30 to +42
Total world use 3415 560 3.3 -140 to +180

“The range of uncertainty for total use of the chemicals cannot be derived by adding
the ranges for each application. As explained in Sec. II the ranges represent subjective
80 percent credibility regions. The region for total use derived by adding the regions for
each application would correspond to a much higher credibility level. See Camm and
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Table 1.4

ESTIMATED CURRENT AND PROJECTED WORLD USE OF CFC-12
(In thousands of mt)

2000 Use
Annual
Applications in 1985 Base Base Growth Range of
Reporting Countries  Use Use Rate (%) Uncertainty
Aerosol 1156 120 0.1 -46 to +72
Foam production
Rigid 42.8 76 3.9 -31 to +51
Refrigeration and
air conditioning
Mobile air cond. 734 110 3.0 -34 to +48
Retail food refrig. 9.7 6.4 -2.7 -35 to +73
Home refrigeration 10.2 22 5.2 -76 to +11
Centrifugal chillers 3.7 4.3 1.0 -12 to +16
Reciprocating chill. 1.3 0.5 -5.7 ~-03 to +05
Miscellaneous and
unallocated uses 1083 140 1.7 -38 to +51
Communist countries  78.7 160 5.0 -53 to +75
Total world use 443.7 620 2.3 -160 to +210

and as a blowing agent in foam manufacturing. Growth trends in these
applications are very dissimilar, however. Use in aerosols in the
reporting countries is projected to remain approximately constant. In
contrast, use in rigid foams is projected to grow rapidly, with a base
projected growth rate above 5 percent. Largely because of this higher
expected growth, the absolute uncertainty about CFC-11 use in rigid
foam is substantially larger than the uncertainty about aerosol use.

Aerosol use of CFC-12 is also expected to remain about constant, as
shown in Table 1.4. The next largest applications are mobile air condi-
tioning and rigid foam production. Growth in these areas is expected
to be strong, although the corresponding ranges of uncertainty include
nearly constant use in each area.

Hammitt (1986) for more detail on our method for calculating the ranges. Because of
approximations in that method the projected total base use does not equal the sum of the
base uses in each application.
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ORGANIZATION OF THE REPORT

Section II describes the methodology used to project future chemical
use in each product area and to characterize the uncertainty associated
with each projection. The following sections describe the diverse prod-
ucts in which the chemicals are used in more detail and report
estimated current U.S. and other reporting country use and projected
use to 2000.

The products are described in roughly decreasing order of their
potential threat to stratospheric ozone, as measured by the quantities
of potential ozone-depleting chemicals used, adjusted for their approxi-
mate estimated ozone-depletion potency. Within product areas, indi-
vidual products are also discussed in decreasing order of importance.
Sections III through VII describe reporting country use of CFC-11 and
CFC-12 in aerosol products, in manufacturing rigid foams for insula-
tion and other applications, flexible foams for cushioning, as a refriger-
ant in refrigeration and air conditioning systems, and in miscellaneous
uses.

Section VIII describes solvent and other uses of CFC-113, methyl
chloroform, and carbon tetrachloride (which is used primarily as a
chemical intermediate in CFC-11 and CFC-12 production). Section IX
describes fire extinguishant applications of Halon 1301 and Halon
1211. Section X estimates current and future use of all seven of the
potential ozone-depleting substances we consider in the communist
countries. Section XI summarizes the analyzed product applications
and compares them with total use reported by the CMA and the U.S.
ITC.

Supporting material is included in three appendices. Appendix A
documents our method for estimating 1985 total use of the chemicals
for which reported production data are available. Appendix B com-
pares the sum of the estimates of current use in each major application
of CFC-11 and CFC-12 to the total production reported by other
sources. It then attempts to determine the source of the differences by
comparing the estimates in this report with other sources. Appendix C
elaborates on the method for characterizing the uncertainty about pro-
jected use described in Section II.



II. METHODOLOGY

The descriptions of product use and manufacturing processes are
based on intensive interaction with industry that began in the 1970s.
Over this period a large number of industrial companies and trade
organizations cooperated with Rand by providing basic data, current
estimates, and projections. More detailed descriptions of nonaerosol
CFC use in the United States can be found in Palmer et al. (1980).

To date, most of our information has come from U.S. manufacturers
and trade associations. Although we are actively pursuing information
outside the United States, our current data are necessarily more lim-
ited.

Projections of future chemical use in each application are based on
analysis of historical trends, industry projections, and comments. In
many cases we project product use to remain a constant share of the
U.S. or other national or regional economy—that is, to grow at a rate
equal to the corresponding Gross National Product (GNP).

As we obtain additional information our estimates of current and
likely future use will inevitably change. In a project of this nature
there can never be a “final word,” only a most recent estimate. This
report summarizes our information as of early 1986.

CHARACTERIZATION OF THE UNCERTAINTY ABOUT
PROJECTED CHEMICAL USE

Projecting the outcome of future events is always a hazardous under-
taking. In this report we project a range of possible chemical uses in a
number of applications. For expositional clarity we characterize each
range by a base projection and a range of uncertainty for the year 2000.
The base projection is intended to characterize the middle of the distri-
bution of credible future outcomes. The range of uncertainty is
described by two numbers that indicate the approximate upper and
lower ends of what appears to us to be the range of reasonable out-
comes, relative to the base projection. More precisely, we think that
the probability that the future outcome will fall within the correspond-
ing range is 0.8: Thus the ranges represent subjective 80 percent credi-
bility intervals.

An alternative style for presenting our projections would be to report
the limits of the range of uncertainty directly, without a central base
projection. However, this style of exposition would assign too much

19



13

legitimacy to the bounds of the range, which are inherently fuzzy. It
would also make the procedure for calculating the projections and the
assumptions used less transparent.

Although we report a range of uncertainty for chemical use only for
2000, projected use in earlier years should also be characterized by a
range. In most situations the range should be smaller for years closer
to the present. If required, we suggest that the appropriate ranges for
earlier years be calculated by assuming that the annual growth rates
are normally distributed, calculating the corresponding means and
standard deviations implied by the range for 2000, and from these cal-
culating the desired credibility intervals.!

The base projections that characterize the center of the range of
projected use are based on current and anticipated trends in chemical
use in each application. They assume no unanticipated shocks, such as
changes in the perceived likelihood that use will be regulated because
of concern about possible ozone depletion, or unexpected changes in
relative prices. Moreover, we do not attempt to project short-term
oscillations in use associated with business cycles but instead try to
characterize the basic trends.

The limits of the ranges of reasonable uncertainty are derived from
explicit consideration of three levels of uncertainty:

¢ Uncertainty about the level of general economic activity,
described by the GNP,

¢ Uncertainty about final product use conditional on GNP, and
Uncertainty about the use of the chemical per unit of final
product, conditional on final product use. Chemical use per
unit of product may change because of changes in the relative
costs of alternative manufacturing technologies resulting from
technological innovation, regulation, or changes in real input
prices.

We assess ranges of reasonable uncertainty for each of the three lev-
els of uncertainty and combine them to produce an overall range using
the procedure described in Appendix C.2 The range of uncertainty
about GNP growth is common to all of the product applications. It is
described in the following subsection. The other ranges are based on

1See Camm and Hammitt (1986).

2We use log-normal distributions to approximate our subjective probability distribu-
tions corresponding to each level of uncertainty. Although the use of log-normal distri-
butions imposes some restrictions on the character of the uncertainty that can be
represented, they provide close approximations to our subjective distributions in most
cases. The assumption that chemical use is distributed log-normalily is equivalent to the
assumption of normally distributed growth rates.
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our knowledge of specific product areas and our beliefs about what
changes might reasonably occur within the next 15 years.

Because part of the uncertainty about use in each application—that
due to uncertainty about general economic growth—is common to all
applications of a given chemical, derivation of the range of uncertainty
for total use of a chemical requires accounting for this correlation
among uses. The reported ranges of total CFC-11 and CFC-12 use
account for this correlation using the procedure described in Camm
and Hammitt (1986).

The chemical use projections do not explicitly account for uncer-
tainty about current use. As noted in Sec. I, our “bottom up” estimates
of use in each major application do not account for all of the CFC-11
and CFC-12 currently used. There may be other significant uses we
have not analyzed, or our estimates for current use in some of the
applications may be too low. It would be possible to develop a subjec-
tive range of uncertainty for current use, both in applications and in
total, and to incorporate this uncertainty with the uncertainty about
future growth. However, we have not yet taken this step. If future
information reveals our estimates of current use in a specific applica-
tion to be too low we would recommend revising the corresponding
range of projected use upward.

Our ranges of uncertainty are reported in the discussion of each
product area. Readers who find our intervals inappropriate are invited
to supply their own and see how it affects the final range for total

chemical use.

PROJECTED GROWTH IN GNP

In many of the baseline projections final products are assumed to
remain a constant share of a nation’s economy, that is, to grow at the
same rate as the GNP. The base GNP growth rates we assume are
reported in Table 2.1. With one exception, the rates are based on
those prepared by Edmonds et al. (1984) for the U.S. Department of
Energy. These projections are a revision of the rates used in our ear-
lier work projecting long-term growth (reported in Quinn et al., 1986).
They are based on analysis of likely population and labor productivity
trends and, compared with other published projections, are low to
moderate.?

The one difference between our rates and the Edmonds et al. (1984)
projections is for the United States. Edmonds et al. (1984) project a

3See Quinn et al. (1986), Appendix B.
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Table 2.1

PROJECTED BASE GNP GROWTH RATES

(In percent per year)

Region 1985-2000
United States 3.0
Western Europe and Canada 2.8
Japan, Australia, and New Zealand 4.0
USSR and Eastern Europe 24
Centrally Planned Asia 4.5
Mideast 6.6
Africa 3.7
Latin America 5.3
South and East Asia 5.1
Other reporting countries 3.5
Communist countries 3.0
World 3.3

base growth rate of 2.7 percent per year. For the period 1985 to 1990
we have increased the base rate to 3.5 percent, consistent with
Congressional Budget Office (1985) projections. This estimate is
slightly lower than the prominent alternative of 4.0 percent suggested
by the Council of Economic Advisors (1985). After 1990 we adopt the
Edmonds et al. (1984) projection of 2.7 percent per year. The resulting
average rate over the 15 year period is 3.0 percent.

For most product areas we do not disaggregate use in the CMA
reporting countries outside the United States. Rather we use an aggre-
gate growth rate of 3.5 percent for other reporting country GNP
growth, which is the appropriate aggregate of the regional rates in
Table 2.1.

As described above, we assessed ranges of uncertainty around the
base GNP growth rates. For the United States our intervals include
growth rates 1.5 percent higher or lower than the base projections.
Thus, our intervals extend from 1.5 to 4.5 percent per year over the
period. These intervals are based on the observation that, since World
War II, U.S. growth has averaged between about 1.5 and 4.5 percent
per year over periods of about a decade. For the other CMA reporting
countries we use the same range of uncertainty as for the United
States, plus or minus 1.5 percent from the base, or 2.0 to 5.0 percent
per year. Although uncertainty about growth in some parts of the
world is greater than for the United States, variations in different
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regions will tend to partially offset one another so the range of uncer-
tainty about the growth of the total is less than the range for an indi-
vidual country. For the communist countries we use a wider range,
plus or minus 2.0 percent (a range of 1.0 to 5.0 percent averaged over
the period). We feel that a wider range is appropriate for these coun-
tries because we have less information about their likely growth and
because the communist countries constitute a smaller region than the
other reporting countries, and hence variations within the region are
less likely to offset each other. The ranges of uncertainty implied by
these ranges of possible growth rates are between 0.80 and 1.25 times
the base projected GNP level in 2000 for both the United States and
the other reporting countries, and between 0.74 and 1.35 times the base
projected level in the communist countries.



III. AEROSOL PROPELLANTS

CFC-11 and CFC-12 are used extensively as propellants in a wide
variety of aerosol products. Many of these are personal care products,
such as deodorant, perfume, and hairspray; others include household
products such as insecticides and drain cleaners, and household and
industrial products, such as spray paints and lubricants. Substitute
propellants include hydrocarbons and carbon dioxide, and in some
applications aerosol cans can be replaced by pump dispensers or other
nonpressurized applicators. CFCs are more expensive than the alterna-
tive aerosol propellants but they are not flammable like hydrocarbon
propellants, and some of their attributes make them technically more
attractive in limited applications.

Because the propellant is emitted as the aerosol is discharged emis-
sions are typically prompt. Before 1975 aerosol use was the largest sin-
gle source of worldwide CFC emissions.

Historical CFC use in aerosols is reported in Table 3.1 and Fig. 3.1.
In 1978 the EPA banned use of CFC propellants in all aerosols except
a limited list of “essential uses” (including military applications).
Under the ban United States use fell about 95 percent from its peak
(1973) level.! Subsequently the European Economic Community nego-
tiated a 30 percent reduction in use. Current EEC use is about 45 per-
cent below use in the late 1970s, well below the target reduction, as the
voluntary reductions have apparently stimulated increased substitution
of less expensive hydrocarbon and carbon dioxide propellants.

United States use has remained constant at about 9500 mt since the
ban and no significant change is expected. We project constant use
with an uncertainty range of 78 to 128 percent of the projected value in
2000. This range is composed of uncertainty in the level of aerosol use,
conditional on the GNP, of 90 to 111 percent of the projected base
level, combined with the uncertainty range for the U.S. GNP.

Use in the European Economic Community has declined steadily
since the mid 1970s as manufacturers have substituted other propel-
lants. The substitution of pump dispensers for aerosol cans is
apparently not occurring to the extent it did in the United States.

1United States CFC use in aerosols fell substantially between 1973 and the announce-
ment of the ban in 1977. This decline is probably related to several factors including the
Arab oil embargo, anticipation of the regulation, and the discovery that additional aero-
sol products could be successfully marketed with non-CFC propellants. (Some aerosols
were traditionally propelled without CFCs; for example, spray paint has usually employed
hydrocarbons.)

17
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Fundamental uncertainty exists as to how much further CFC use will
decline there. It is possible that all of the decline that will occur in the
absence of regulation has all ready occurred. Alternatively, reductions
in use could parallel those in the United States. However, the level of
peak use is uncertain.. By analogy to the United States, we assume
that the peak occurred in 1973 and was 50 percent higher than the
1976 level, that is, about 265,000 mt. If this estimate is correct, 1983
use is about 37 percent of estimated peak (1973) use.

We project EEC use to fall to about 50,000 mt or almost 20 percent
of the assumed peak by 2000. As an upper bound on the range of
uncertainty we use the current level of about 100,000 mt, since we do
not expect CFC use in aerosols to grow in the EEC. The lower bound
is 25,000 mt or almost 10 percent of the assumed peak. This amount is
about twice the level of U.S. use (5 percent of peak use), which seems
reasonable assuming no further regulation in the EEC.

Table 3.1
ESTIMATED HISTORICAL USE OF CFC-11 AND CFC-12 IN AEROSOLS
(In mt)
Other Total
United Reporting Reporting
Year  States* EEC? Japan® Countries? Countries®
1970 156,400 na na na na
1971 161,400 na na na na
1972 185,000 na na na na
1973 212,700 na na na na
1974 198,600 na 14,400 na na
1975 162,700 na 14,000 na na
1976 138,600 176,900 15,500 101,200 432,300
1977 79,500 162,600 14,000 94,700 350,800
1978 40,000 150,400 13,300 103,500 307,200
1979 9,500 136,600 12,900 95,600 254,600
1980 9,500 126,400 13,000 94,200 243,300
1981 9,500 116,100 12,500 83,500 221,600
1982 9,500 111,700 12,000 75,300 208,500
1983 9,500 98,800 11,800 91,900 212,000
1984 9,500 na 11,800 na 218,800
NOTE: na = not available.
*Wolf (1980).

*European Fluorocarbon Technical Committee data as supplied by EEC.

“Ministry of International Trade and Industry data as supplied by Japan
Flon Gas Association (private communication, 1985).

9Total reporting countries less United States, EEC, Japan.

*CMA (1985).
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Japanese use has declined slowly, in part because of substitution of a
blend of CFCs and hydrocarbons. Since Japanese law prohibits using
pure hydrocarbons as aerosol propellants (because of fire hazards) any
substitution to other propellants is presumably to carbon dioxide; sub-
stitution from aerosols to pumps may also be occurring. As these alter-
natives are technically inferior in many uses, we use a base projection
for Japanese CFC use equal to current production of about 12,000 mt
with a range of uncertainty from three-quarters to one and one-third
times that amount.

Further growth is likely in the industrializing nations, particularly in
East Asia. These countries are undergoing rapid economic growth and
are not party to the international agreements restricting CFC use in
aerosols. Our base projection assumes modest growth of 2.5 percent,
one-half the expected rate of GNP growth. We believe growth could
reasonably range from one-half to twice as fast.

The base projections are summarized in Table 3.2 and Fig. 3.1.
They assume that the proportions of aerosol production accounted for
by each CFC remain constant at the current reporting country propor-
tions: about 45 percent CFC-11 and 55 percent CFC-12. Note that the
projected declines in the EEC almost exactly offset projected growth in
the other reporting countries: Baseline projected use initially declines
then rises as the developing countries account for a larger share of the
total. Combined with the anticipated constant U.S. use, the offsetting
trends in the EEC and other reporting countries produce a nearly con-
stant base projection for reporting country aerosol use. As noted

Table 3.2

ESTIMATED CURRENT AND PROJECTED USE OF
CFC-11 AND CFC-12 IN AEROSOLS

(In mt)

Other Reporting All Reporting
United States Countries Countries

Year CFC-11 CFC-12 CFC-11 CFC-12 CFC-11 CFC-12

1985 3,800 5700 89,900 109,900 93,700 115,600
1990 3,800 5700 88,100 107,700 91,900 113,400
1995 3,800 5700 88,500 108,200 92,300 113,900
2000 3,800 5,700 90,800 111,000 94,600 116,700
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above, the range of uncertainty for U.S. use is between 78 and 128 per-
cent of projected base use in 2000. Outside the United States the
range is from about 60 to 165 percent of projected base use in 2000.2

*This calculation assumes that use is correlated across regions, with a correlation
coefficient of 0.75.



IV. RIGID FOAM

CFC-11 and CFC-12 have been used to produce rigid or “closed-cell”
foams since the early 1960s. These products are widely used for insula-
tion and packaging.

CFC-11 and CFC-12 are used as blowing agents to form the holes or
cells when the foam is manufactured. In closed-cell foams the CFCs
remain trapped inside, diffusing only slowly to the atmosphere.
Because of the low thermal conductivity of the CFCs, these foams are
about twice as effective insulators as equally thick nonfoam alterna-
tives. Foam sheets or boards are sometimes clad with aluminum,
paper, or asphalt sheathing to slow the diffusion of air into the foam
and thus slow the degradation of its insulating capacity.!

There are two major types of closed-cell foams: rigid urethane or
isocyanurate foam, usually produced using CFC-11, and nonurethane
foam, usually produced with CFC-12. Rigid urethane foam accounts
for the second largest share of world CFC-11 use, after aerosols, and by
far the largest share of U.S. CFC-11 use. Rigid urethane foams are
better insulators than the nonurethane foams, and over 90 percent of
these foams are used as insulation in residential, commercial, and
industrial construction, in home and commercial refrigerators, and in
refrigerated trucks and railroad cars. Insulating foam is made into
sheets or boards that are installed during construction, sprayed directly
onto tanks, pipes, and other structures, or foamed in place, as inside
the walls of a refrigerator. Noninsulation applications include flotation
devices, marine buoys and use as a packaging material to protect valu-
able and delicate objects during shipment.

The most important CFC-consuming nonurethane foams—extruded
polystyrene (PS) sheet and extruded PS board—use smaller quantities
of CFC-12. PS sheet products include meat trays, egg cartons, plates,
and other food containers. Extruded PS board was introduced by Dow
Chemical Company during World War II under the trade name Styro-
foam. It is used primarily as insulation and competes directly with
rigid urethane foam in the residential and commercial wall and roof
sheathing market.

Nnsulating capacity may be degraded by changes in the amount and composition of
gas retained in the foam, which apparently depend on complicated diffusion and dissolu-
tion processes. See Mooz et al. (1982).

on
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RIGID URETHANE FOAM

Rigid urethane foam is used primarily for insulation in construction,
refrigeration, and transportation applications. Table 4.1 presents his-
torical U.S. foam use in these markets.

We estimate that each kilogram of foam requires an average of
about 130 grams of CFC-11 to produce.? From the quantities of CFC-11
required per unit of foam we estimate CFC-11 use by application,
reported in Table 4.2. As shown, the construction market currently
accounts for about two-thirds of CFC-11 use, refrigeration for one-fifth,
and transportation for one-ninth. Estimated reporting country use of
CFC-11 in rigid urethane foams is presented in Table 4.3. United
States use accounts for about one-third of the total.

The markets for rigid urethane insulating foam are closely related to
the construction industry and tend to follow similar cycles. However,
growth in most insulation markets has been strong and is expected to
continue. Our base projections for U.S. use are reported in Table 4.4.

In the United States and Western Europe, growth in rigid foam use
in construction averaged 12 percent annually between 1976 and 1981
(before the major recession in the early 1980s; see Table 4.3), whereas
U.S. growth has historically averaged 5 to 8 percent (see Table 4.2).

Table 4.1

ESTIMATED HISTORICAL U.S. PRODUCTION OF
RIGID URETHANE FOAM

(In mt)
Insulation
Total CFC-
Year Construction Refrigeration Transportation Other Blown
1978 131,000 45,000 21,000 18,000 215,000
1979 154,000 48,000 22,000 20,000 244,000
1980 142,000 48,000 18,000 18,000 226,000
1981 163,000 50,000 22,000 11,000 246,000
1982 152,000 48,000 16,000 10,000 226,000
1983 163,000 50,000 21,000 11,000 245,000
1984 177,000 53,000 32,000 12,000 274,000

SOURCE: Modern Plastics (various issues).

28pecifically, we estimate the following average quantities of CFC-11 to produce one
kilogram of foam for each application: 126 (construction), 140 (refrigeration), 136 (trans-
portation), and 137 (other applications). See Palmer et al. (1980) Tables II1.C.2, F.2, and

F.3.



Table 4.2

ESTIMATED HISTORICAL U.S. USE OF CFC-11 IN RIGID URETHANE FOAM
(In mt)

Year  Construction Refrigeration Transportation Other Total

1978 16,500 6,300 2,900 2,500 28,200
1979 19,400 6,700 3,000 2,700 31,900
1980 17,900 6,700 2,400 2,500 29,500
1981 20,500 7,000 3,000 1,500 32,000
1982 19,200 6,700 2,200 1,400 29,400
1983 20,500 7,000 2,900 1,500 31,900
1984 22,300 7,400 4,400 1,600 35,700
Table 4.3

ESTIMATED HISTORICAL REPORTING COUNTRY USE
OF CFC-11 IN RIGID URETHANE FOAM

(In mt)
Other Total
United Reporting Reporting
Year States® EEC® Countries® Countries?
1976 18,500 20,100 13,500 52,100
1977 21,800 21,500 21,900 65,200
1978 28,200 27,300 10,600 66,100
1979 31,900 29,000 19,200 80,100
1980 29,500 33,400 21,200 84,100
1981 32,000 35,200 30,500 97,700
1982 29,400 na na 94,900
1983 31,900 na na na
1984 35,700 na na na

NOTE: na = not available.

*From Table 4.2.

*Based on industry sources.

“Calculated as total reporting countries less United States
and EEC.

4CMA reports.
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Table 4.4

ESTIMATED CURRENT AND PROJECTED U.S. USE
OF CFC-11 IN RIGID URETHANE FOAM

(In mt)

Year Construction Refrigeration Transportation Other Total

1985 24,100 7,600 4,800 1,800 38,300
1990 35,400 8,700 7,800 2,000 53,900
1995 45,200 9,800 9,900 2,000 66,900
2000 57,600 11,100 12,700 2,000 83,400

The base projections for U.S. use in Table 4.4 assume that high growth
averaging 8 percent will persist through 1990, followed by 5 percent
average growth to the end of the century.

The refrigeration market is relatively mature and historic U.S.
growth has been similar to the GNP. The base projections assume
growth slightly slower than the GNP, 2.7 percent to 1990 and 2.5 per-
cent thereafter.

The transportation market accounts for only a small share of use
but is growing most rapidly, nearly doubling in the first half of the
1980s. The current 15 percent growth rate is unlikely to be sustained,
however. Our base projections assume that the rate will average 10
percent for the remainder of the decade and 5 percent over the next
decade.

The noninsulation rigid urethane markets declined significantly dur-
ing the early 1980s and never recovered to mid 1970s levels. Here, we
assume that they recover only slightly further, leveling off at 200 mt of
CFC use by 1990.

Table 4.5 presents base projections for reporting country use of
CFC-11 in rigid foams. Rigid urethane foam use in Western Europe
has historically been similar to U.S. use and the projections assume
similar growth. Other reporting countries have apparently experienced
more rapid growth (according to CMA reports), which is reasonable,
since they are undergoing more rapid economic development. The base
projections assume that the entire rigid urethane markets in these
countries will grow at the same rate as the rapidly growing construc-
tion markets in the United States and Europe, an average of 8 percent
through 1990 and 5 percent thereafter.

To estimate the range of uncertainty about the base projections we
start with the uncertainty about the size of final product markets con-
ditional on GNP. Because these are well established, at least in the
developed economies, we believe that uncertainty is similar to the
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Table 4.5

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY USE OF CFC-11 IN RIGID URETHANE FOAM

(In mt)
Other Total

United Reporting Reporting
Year States Countries Countries
1985 38,300 77,500 115,800
1990 53,900 111,100 165,000
1995 66,900 139,600 206,500
2000 83,400 175,900 259,300

uncertainty about general economic growth, between 0.8 and 1.25 times
the projected level. Additional uncertainty concerns the share of the
final product markets that will be served by CFC-11, since there exist a
number of other insulating products, such as fiberglass, extruded poly-
styrene board, and particle board, that are competitive in some applica-
tions. In contrast, the use of CFC-11-blown foam seems secure in
applications where the foam is sprayed cr poured in place. Conse-
quently, we doubt that rigid urethane foams will lose more than 20 per-
cent, or gain more than 25 percent, of their current share. Combining
these ranges produces an overall range of uncertainty of 73 to 137 per-
cent of projected base use.

NONURETHANE FOAM

The major nonurethane products are extruded polystyrene board,
used for commercial and residential insulation, and extruded polysty-
rene sheet, used in egg cartons and food service trays. Jointly, they
account for about two-thirds of the CFC-12 used in nonurethane foam
products. Table 4.6 presents historical U.S. production of these foams
and estimated CFC-12 use. CFC-12 use per unit of nonurethane foam
is about 95 grams per kilogram of foam, smaller than CFC-11 use in
rigid urethanes.

CFC-12 is the primary blowing agent for extruded polystyrene sheet,
but use declined during the late 1970s and early 1980s. Palmer et al.
(1980) estimate CFC-12 use in 1976 assuming that 64 percent of poly-
styrene sheet is CFC-blown (the remainder uses pentane) and that
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Table 4.6

ESTIMATED HISTORICAL U.S. PRODUCTION OF
NONURETHANE FOAM AND USE OF CFC-12

(In mt)

Extruded PS Board Extruded PS Sheet

Year Foam CFC-12 Foam CFC-12
1976 na 1,900 na 5,900
1977 na 2,300 na 7,300
1978 na 2,500 na 7,800
1979 31,000 2,900 151,000 7,600
1980 27,000 2,600 147,000 7,400
1981 32,000 3,000 140,000 7,000
1982 30,000 2,900 146,000 6,600
1983 34,000 3,200 153,000 6,500
1984 39,000 3,700 184,000 7,200

SOURCES: Foam production from Modern Plas-
tics (various issues). CFC-12 use before 1979 from
Palmer et al. (1980), after 1979 calculated from foam
production (see text).

NOTE: na = not available.

CFC-blown foam contains 7.8 percent CFC-12 by weight. During
recent years, however, a mixed blowing agent combining CFC-12 and
carbon dioxide has reduced the CFC requirement by about 25 percent.
By 1984, we calculate CFC-12 use in polystyrene sheet assuming that
two-thirds of the foam uses 5.85 percent CFC-12 by weight.

Other nonurethane foams including expanded polystyrene foam
(used for drinking cups) and the polyolefins are manufactured in large
quantities but require only small amounts of CFC blowing agents. In
the absence of direct data on CFC use in these products we assume
that use grows at the same rate as in the extruded polystyrene foams.

Table 4.7 provides a base projection for U.S. use of CFC-12 in rigid
foams. For extruded PS board, we assume growth comparable to that
of rigid polyurethane insulation with which it competes. The base pro-
jections for use in polystyrene sheet and in the other nonurethane
category grow with GNP.

Table 4.8 presents base projections for reporting country use of
CFC-12 in nonurethane foam. Our base projections have the same
growth rates outside the United States as within. Since about half of
CFC-12 use in nonurethane foams is for extruded polystyrene sheet,
which faces a variety of competing products such as cardboard egg



Table 4.7

ESTIMATED CURRENT AND PROJECTED U.S. USE
OF CFC-12 IN NONURETHANE FOAM

(In mt)

Extruded Polystyrene Other Total
Nonure- Nonure-

Year Board Sheet  Total thanes thanes

1985 4,000 7,500 11,500 3,400 14,900
1990 5,900 8,900 14,800 4,000 18,800
1995 7,500 10,200 17,700 4,600 22,300
2000 9,600 11,600 21,200 5,300 26,500

cartons and food serving trays, and because some of these products can
also be made with pentane, we believe that there is significant uncer-
tainty about CFC-12 use conditional on the size of these packaging
markets. We suggest a range of uncertainty for CFC-12 use in
nonurethane foam from 60 percent of the projected level, if CFC-12-
blown polystyrene sheet were to lose 80 percent of its market, to 167
percent of the projected level if it were to displace many of its competi-
tors. Combining these with the range of uncertainty about GNP
growth produces a range of uncertainty of 57 to 172 percent of the base
projections.

Figures 4.1 and 4.2 summarize historical and base projected use of
CFC-11 and CFC-12 in rigid foams, in the United States and all
reporting countries, respectively. Note that the rigid urethanes account
for the majority of CFC use in rigid foam.

Table 4.8

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY USE OF CFC-12 IN NONURETHANE FOAM

(In mt)
Other Total
United Reporting Reporting
Year States Countries Countries
1985 14,900 27,900 42,800
1990 18,800 35,200 54,000
1995 22,300 41,800 64,100

2000 26,500 49,600 76,100
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V. FLEXIBLE FOAM

CFC-11 is widely used to produce flexible foams, which first came
into use in the 1950s. Because these foams are resilient, durable, and
relatively inexpensive they are now widely used in furniture, bedding,
carpet underlay, automobile seats and dashboards, and packaging appli-
cations.

There are two major processes for producing flexible foams. Most
foam is manufactured in the form of slabstock, which is a piece of foam
typically about six feet wide, four feet high, and from six to 200 feet
long. Final shapes are cut from this large slab. The second process
molds foam into its final shape, which is often rounded or has other
features that would make it difficult or costly to carve from slabstock.
Molded foam is used almost exclusively for automobile seats and seat-
backs.

The important characteristics of flexible foam are imparted by blow-
ing agents that form the holes or cells in the foam and give it flexibil-
ity. All flexible foams use carbon dioxide as the primary blowing
agent. To produce softer (less dense) foams requires augmenting the
carbon dioxide with an auxiliary blowing agent, either CFC-11 or
methylene chloride. Since the carbon dioxide is produced by reacting
water with TDI (toluene diisocyanate), foams produced without aux-
iliary blowing agents are called water-blown.

Flexible foams are often called “open-cell,” since their cells are open
to the atmosphere. As a result, CFC emissions are prompt: The blow-
ing agent escapes from the foam within a matter of hours or days after
its manufacture.

SLABSTOCK FOAM

Table 5.1 presents estimated U.S. production of slabstock foam and
CFC-11 used. Foam production is reported in Mobay (1982-1985).
CFC-11 use is based on estimated use of 50 grams per kilogram of
CFC-blown slabstock foam. CFC-11 use peaked in the late 1970s,
declined through 1982, and is currently increasing. The decline was
primarily due to reduced foam production during the recession, but it
also reflects reduced use of CFC-11 per unit of foam because of substi-
tution to the less expensive methylene chloride. Currently, methylene
chloride and CFC-11 each account for about half of the auxiliary blow-
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Table 5.1

ESTIMATED HISTORICAL U.S.
PRODUCTION OF SLABSTOCK
FOAM AND USE OF CFC-12

(In mt)
Year Foam CFC-11
1976 380,000 11,400
1977 439,000 12,900
1978 472,000 13,600
1979 473,000 13,300
1980 425,000 11,700
1981 409,000 11,000
1982 369,000 9,700
1983 414,000 10,600
1984 448,000 11,200

ing agent used.! Further substitution to methylene chloride is not
expected because the cost savings will not offset the necessary invest-
ment in learning to produce sufficiently high quality foam. Future use
of methylene chloride may even decline because of concerns about its
potential carcinogenicity and possible regulation. A new alternative
blowing process has been recently patented. According to its Belgian
developers, the new process is less expensive, can be used to produce
all densities of foam, and uses no auxiliary blowing agent (CMR,
February 28, 1983). If these claims prove correct, adoption of this new
process could lead to substantial reductions in CFC-11 use.

Industry sources expect slabstock foam production to grow at the
same rate as the GNP (Mobay, 1985). Table 5.2 reports our base pro-
jections for U.S. production of slabstock foam and CFC-11 use, assum-
ing that CFC-11 use per unit of foam remains at its current level. We
suggest that these projections are subject to the following range of
uncertainty. First, the uncertainty concerning GNP growth implies
that total use could be about 20 percent smaller or 25 percent greater
than the base projection by 2000. We treat the uncertainty about the
growth of the final product markets, conditional on a given level of
GNP, as negligible. The level of CFC use, conditional on the size of
the final product markets, is subject to substantial uncertainty, how-
ever. Considerable substitution away from CFC-11 to either methylene

Thus CFC-11 use averages 25 grams per kilogram of slabstock foam.
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Table 5.2

ESTIMATED CURRENT AND
PROJECTED U.S. USE OF
CFC-11 IN SLABSTOCK FOAM

(In mt)

Slabstock CFC-11

Year Foam Used
1985 459,400 11,500
1990 545,600 13,700
1995 623,400 15,700
2000 712,200 17,900

chloride or possibly to the alternative blowing method is possible. As a
lower bound, we postulate that CFC-11 could lose one-half its share by
2000. Conversely, if the costs of using methylene chloride increase
substantially because of regulation, its share could be taken by CFC-11,
potentially doubling CFC-11 use. Combining these ranges of uncer-
tainty produces a range of uncertainty in 2000 of from 0.48 to 2.07
times the projected base level.

Estimated reporting country use of CFC-11 in slabstock foam is
reported in Table 5.3.2 We estimate non-U.S. use by subtracting
estimated U.S. use derived above. Assuming that non-U.S. use of
CFC-11 in slabstock foam will also grow with the GNP of the respec-
tive countries, we project a future base level as shown in Table 5.4.
The range of uncertainty is similar to that for the United States, albeit
somewhat smaller. Uncertainty about GNP growth implies that total
use could be 20 percent smaller, or 25 percent larger, than the pro-
jected baseline. We believe that total slabstock foam markets, condi-
tional on GNP, could reasonably range between 80 and 125 percent of
the projected level. Finally, since methylene chloride use is smaller
overseas than in the United States and concerns about its possible car-
cinogenicity are perhaps greater, the share of foam blown by CFC-11 is
likely to remain steadier than in the United States: We use an interval
from 0.83 to 1.20. The resulting range for other reporting country
CFC-11 use in slabstock foam falls between 0.69 and 1.44 times the
base projection.

2CMA details reporting country use of CFC-11 in all flexible foams. We estimate use
in molded foam by multiplying world vehicle production by the estimated quantity of
CFC-11 used per vehicle and attribute the remainder to slabstock production.
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Table 5.3

ESTIMATED HISTORICAL REPORTING COUNTRY
USE OF CFC-11 IN SLABSTOCK FOAM

(In mt)

Other Total

United Reporting Reporting

Year States Countries Countries
1976 11,400 20,500 31,900
1977 12,900 26,000 28,900
1978 13,600 25,600 39,100
1979 13,300 22,800 36,100
1980 11,700 26,900 38,600
1981 11,000 26,500 37,500
1982 9,700 22,900 32,600
1983 10,600 31,300 41,600

Table 5.4

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF CFC-11

IN SLABSTOCK FOAM
(In mt)

Other Total

United Reporting Reporting

Year  States Countries Countries
1985 11,500 33,500 45,000
1990 13,700 39,800 53,500
1995 15,700 47,300 63,000
2000 17,900 56,100 74,000

MOLDED FOAM

Molded foam is used almost entirely for seats and seatbacks in auto-
motive vehicles and its production is intimately related to total vehicle
production. Table 5.5 reports estimated historical U.S. use of CFC-11
in molded foams, molded foam production, and total automobile pro-
duction. Manufacturers report that average use of CFC-11 per unit of
foam has been declining as. they have changed product formulations,
substituted methylene chloride, adopted the high resiliency process
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Table 5.5

ESTIMATED HISTORICAL U.S. PRODUCTION OF AUTOMOTIVE
VEHICLES, MOLDED FOAM AND USE OF CFC-11

Automotive CFC-11 per

CFC-11 Molded Foam Vehicles Vehicle
Year (mt) (mt) (thousands) {grams)
1976 3,900 156,000 11,500 340
1977 4,100 164,000 12,700 322
1978 4,300 178,000 12,800 333
1979 4,300 177,000 11,400 373
1980 3,000 131,000 8,000 376
1981 2,800 126,000 8,000 347
1982 2,600 118,000 6,900 360
1983 3,000 145,000 9,500 320
1984 3,200 162,000 10,900 297

SOURCE: Vehicles, Automotive News, April 24, 1985.

(which requires no auxiliary blowing agent), and switched to foam den-
sities that can be produced using carbon dioxide alone.> CFC-11 use
currently averages about 300 grams per vehicle. We combine this fig-
ure with projected growth in vehicle production to project CFC-11 use
in molded foam.

Relying on industry sources, our base projections for vehicle sales in
the United States (total import and domestic sales) grow at 1.9 percent
per year, and sales in foreign markets grow at 2.9 percent. (CFC use is
allocated to the region in which the car is produced though not neces-
sarily sold.) To estimate CFC use outside the United States we assume
that foreign automobiles also average 300 grams of CFC-11 per vehicle.
Table 5.6 summarizes base projections for reporting country vehicle
production and CFC-11 use.

Note that although the base projection for vehicle production grows
at 29 and 1.9 percent, the base projection for CFC-11 use grows at
only 0.5 percent outside the United States, and falls 0.4 percent per
year within the United States. This occurs because of the fundamental
uncertainty about future CFC-11 use in molded foam. We believe that
there is little chance that CFC-11 use per vehicle will increase; how-
ever, substantial decreases are possible. Increases are unlikely because

3Molded foams have always used less auxiliary blowing agent than slabstock foam.
Currently, we estimate that molded foams require an average of 20 grams per kilogram.
The average level of CFC-11 use per vehicle is more erratic than CFC-11 use per unit of
foam because of the changing average quantities of foam used per vehicle.
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Table 5.6

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY AUTOMOTIVE VEHICLE PRODUCTION
AND USE OF CFC-11 IN MOLDED FOAM

Other Reporting Total Reporting
United States Countries Countries

Vehicles CFC-11 Vehicles CFC-11 Vehicles CFC-11
Year (thousands) Used (mt) (thousands) Used (mt) (thousands) Used (mt)

1985 11,100 3,330 29,000 8,700 40,100 12,030
1990 12,200 3,260 33,400 8,910 45,600 12,170
1995 13,400 3,190 38,300 9,130 51,800 12,320
2000 14,700 3,120 44,100 9,360 58,800 12,480

methylene chloride is used much less frequently for molded than for
slabstock foam, so that substitution to CFC-11 would not be as large if
methylene chloride were to be regulated. However, according to indus-
try sources it would be possible to reduce CFC-11 use drastically by
switching to other, unspecified, processes for manufacturing automobile
seats. Because of the possibility of substituting to methylene chloride,
high resiliency or water-blown foam, CFC-11 use per vehicle could
decline by half by 2000. Consequently we project a baseline average
CFC-11 use per vehicle in 2000 to be only 212 grams, with a range of
uncertainty falling between 150 and the current level of 300 grams.

Conditional on GNP, molded foam production could vary by a factor
of about 10 percent, depending on future trends in automobile sizes in
the United States and abroad. Combining these ranges with the range
for GNP growth we obtain an uncertainty range for CFC-11 use in
molded foams in the United States and in other reporting countries of
65 to 153 percent of the base projections.

Figures 5.1 and 5.2 summarize historical and projected use of CFC-
11 in flexible foams in the United States and reporting countries.
Slabstock foam accounts for the majority of reporting country use.
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VI. REFRIGERATION AND AIR CONDITIONING
SYSTEMS

CFC-11 and CFC-12 are used as refrigerants in a variety of systems.!
The largest quantities are used in home refrigerators and freezers,
retail store refrigeration systems, chillers (used for cooling buildings)
and mobile (automotive) air conditioners. Except for mobile air condi-
tioners, all of these markets are well developed in the United States
and Western Europe and little growth is expected there. Growth in the
developing countries may be stronger.

The refrigeration cycle consists of compression of the refrigerant fol-
lowed by cooling until it condenses to liquid form, and expansion to
allow evaporation of the liquid. During evaporation the refrigerant
absorbs heat from the refrigeration unit and then returns to the
compressor to repeat the cycle. Since the refrigerant remains in a
sealed system throughout the cycle, the CFC is not emitted until the
unit is disposed of (except for quantities that leak from the system or
are emitted during servicing).

MOBILE AIR CONDITIONING

Air conditioning in automobiles and other vehicles began as a luxury
item in the 1940s and has become commonplace in the United States
but remains a rarity in other countries. Mobile air conditioners use
CFC-12 exclusively. A CFC-22 system was used in the past but has
disappeared, presumably because of the higher cost and weight that
result from the higher pressures required. As with other refrigeration
systems, emissions are generally low until disposal, although significant
emissions occur at servicing and when systems are damaged in automo-
bile accidents.

Use of CFC-12 in mobile air conditioners depends on three factors:
the number of new vehicles, the fraction that are air conditioned, and
the average amount of refrigerant used per system. The fraction of
new cars and trucks sold in the United States with air conditioning has
increased rapidly, from about 6 percent in 1960 to about 60 percent in
the 1970s. Since then that number has remained stable at the current

'When describing refrigerants the CFC prefix is often replaced by the letter R (for
refrigerant) or F (for Freon, a DuPont trademark). Thus CFC-12 is frequently called
R-12 or F-12.
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level of 68 percent.? The average refrigerant charge in domestic auto-
mobiles declined from about 1.7 kilograms (3.8 pounds) to 1.3 kilo-
grams (2.75 pounds) between 1974 and 1985 as systems were
redesigned to reduce leakage and weight and smaller automobiles
became more common. Further declines are not expected unless vehi-
cles become smaller. Charges in imported automobiles are smaller,
perhaps 0.9 kilograms (2.0 pounds).

Table 6.1 presents historical and projected baseline United States
vehicle sales (total domestic and imported) and estimated CFC-12 used
in mobile air conditioning. Note the decrease in CFC-12 use for 1978
through 1982 because of the decline in initial charge. Annual use
includes the initial charge for new units, manufacturing and installa-
tion losses (about 10 percent of initial charge), replacement of routine
leakage (30 percent of the initial charge is assumed to be lost every 5
years on average), other servicing losses (10 percent of stocks), and
replacement of accident-caused losses (2.5 percent of stocks). The
model for estimating use is described in Palmer et al. (1980). The base
projections assume that United States vehicle sales will grow at 1.9
percent annually through 2000, as industry sources suggest, and that
both the share of new vehicles that are air conditioned and the average
charges will remain constant.

Mobile air conditioning is much less common outside the United
States. We estimate that about 20 percent of non-U.S. vehicles are air
conditioned (65 percent in Japan, 34 percent in Canada, one-half per-
cent in the EEC, and negligible numbers elsewhere).® Assuming that
average charges and losses are the same as for imports to the United
States (0.9 kilograms average charge), annual use in the other reporting
countries is estimated as 23,000 mt.

Relying on industry sources we project the number of new foreign
vehicles sold to grow at 2.9 percent annually. We further assume that
the share of new vehicles that are air conditioned will grow to 30 per-
cent by 2000, a 50 percent increase from the estimated current level.
Combining these factors leads to a baseline projection of 5.7 percent
annual growth as reflected in Table 6.2.

Uncertainty about future domestic use of CFC-12 in mobile .air con-
ditioning is based on uncertainty about total vehicle sales, the share
that are air conditioned, and average charge. We suggest that the

>This is the percentage of all new automotive vehicles, including both automobiles
and trucks, that are air conditioned. The fraction of automobiles is higher, about 82 per-
cent of those produced domestically.

3The Japanese share is reported in Nihon Reito Kucho Kogyo Kai (1985), the EEC
share is from confidential industry sources, and the Canadian share is assumed to be
one-half the United States share because of the colder climate there.



41

Table 6.1

ESTIMATED HISTORICAL AND PROJECTED
U.S. VEHICLE SALES AND USE OF CFC-12
IN MOBILE AIR CONDITIONING

Vehicles Sold CFC-12 Use

Year (millions) (mt)

1976 13.28 44,890
1977 14.84 50,780
1978 15.43 52,800
1979 14.13 50,910
1980 11.46 47,670
1981 10.80 47,860
1982 10.54 47,670
1983 12.31 48,650
1984 14.48 50,350
1985 14.76 50,400
1990 16.21 54,800
1995 17.81 59,900
2000 19.57 65,400

SOURCE: Historical vehicle sales, Automotive
Neuws, April 24, 1985.

Table 6.2

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF CFC-12
IN MOBILE AIR CONDITIONING

(In mt)

Other Total
United Reporting Reporting
Year  States Countries Countries

1985 50,400 23,000 73,400
1990 54,800 30,300 85,100
1995 59,900 40,000 99,900
2000 65,400 52,800 118,200

uncertainty about vehicle sales is equivalent to that about general
economic growth. The share of new vehicles with air conditioners has
remained at about two-thirds over the last decade, despite substantial



42

changes in the size of automobiles. We suggest a range of uncertainty
of plus or minus 10 percent of the current share. Finally, further
design changes affecting the average charge are not expected, but if the
average size of vehicles changes average charge could vary by perhaps
30 percent. Combining these uncertainties yields an overall range of
uncertainty of 0.70 to 1.43 times the base projection.

Outside the United States, the uncertainty about the share of new
vehicles with air conditioning is greater. Accordingly, we suggest a
range of use conditional on GNP of 0.8 to 1.25 times the base projec-
tion, or an overall range of 0.67 to 1.50 times the base projection.

RETAIL STORE REFRIGERATION

Retail food store refrigeration systems are used to refrigerate the
food and beverages in display cases and to store meat, produce, dairy
products, frozen food, and ice cream in walk-in coolers. Systems are
designed differently depending on whether they are for medium tem-
peratures (storing dairy products) or low temperatures (storing frozen
foods).

System design and choice of refrigerant are influenced by energy
use, since refrigeration equipment accounts for as much as half of a
typical store’s energy use. CFC-12 is usually used for medium tem-
perature systems, whereas most low temperature systems use CFC-502,
a blend of nearly equal parts of CFC-22 and CFC-115. Some stores use
CFC-502 for medium temperature systems as well, because of the con-
venience of handling only one refrigerant. However, CFC-502 is sub-
stantially more expensive than CFC-12.

CFC-22 was once employed in both low and medium temperature
systems. Currently it is used only rarely, since it generates excessive
heat in the compressor.

The average refrigerant charge increased during the mid 1970s as a
number of energy saving features were adopted that required additional
refrigerant. This trend will probably continue to some extent until
about 1990. Eventually, the use of low pressure flooding systems in
large supermarkets is expected to be implemented extensively. One
industry source estimates that this will lead to a 10 percent reduction
in average system charge. Another trend that may reduce refrigerant
use is a decline in leakage and servicing emissions as older equipment
is replaced by newer designs.

Table 6.3 presents historical United States data on the number of
retail food stores and their use of CFC-12, and projections. CFC-12
use is estimated using the model described in Palmer et al. (1980),
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which simulates refrigerant use in four sizes of stores. Annual use
includes refrigerant used for charging new units (between about 60 and
1,100 kilograms, depending on size of store), in testing new units dur-
ing manufacture (about 2 percent of initial charge), and in replacing
losses that occur during installation (5 to 8 percent depending on store
size), leakage, and servicing (about 10 percent of refrigerant in use).

The values in Table 6.3 show a decline in the total number of stores,
but a slight increase in refrigerant use over the period. This reflects a
trend toward larger supermarkets and away from small grocery stores
that is expected to continue in the future. The effect of this trend is
partially offset by expected further substitution to CFC-502 in medium
temperature systems and lower leakage and servicing losses as newer
units with better integrity replace old units.

The base projections for reporting country CFC-12 use are given in
Table 6.4. Industry sources indicate that foreign systems are similar to
those in the United States and that use in the other reporting coun-
tries is currently about equal to United States use. Future growth is
expected to be at the same rate as GNP, 3.5 percent annually, some-
what more rapid than in the United States

Uncertainty about CFC-12 use in retail food stores can be divided
into uncertainty about the number of such stores and about the aver-
age charges and types of refrigerants used. Uncertainty about the
number of stores, conditional on the level of general economic activity,
is small, plus or minus 10 percent. The average charge is highly sensi-
tive to shifts between refrigerants. In recent years there has been some

Table 6.3

ESTIMATED HISTORICAL AND
PROJECTED U.S. USE OF
CFC-12 IN RETAIL FOOD

REFRIGERATION
Number CFC-12
Year of Stores (mt)
1976 183,700 4,820
1980 174,570 4,830
1985 164,950 4,850
1990 155,330 4,620
1995 145,710 4,910

2000 136,090 5,200




Table 6.4

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF CFC-12
IN RETAIL FOOD REFRIGERATION

(In mt)

Other Total

United Reporting Reporting

Year  States Countries Countries
1985 4,850 4,850 9,700
1990 4,620 4,620 9,240
1995 4,910 5,130 10,040
2000 5,200 5,670 10,870

movement toward use of CFC-502 in medium temperature systems
because of the convenience of handling only the one refrigerant. CFC-
502 could completely replace CFC-12 in new medium temperature
installations by 2000. If it did CFC-12 use would be reduced by as
much as 75 percent by 2000.* Alternatively, if the average refrigerant
charge per store continues to increase after 1990, use of CFC-12 in
2000 could be higher by perhaps 20 percent. Combining these uncer-
tainties we suggest a range for CFC-12 use of 0.25 to 1.33 times the
base projections in 2000.

HOME REFRIGERATORS AND FREEZERS

In the early part of this century refrigerants such as methyl chloride,
ammonia, and sulfur dioxide were employed in home refrigeration
equipment. Since these chemicals are toxic, and some are also flam-
mable or explosive, they are not considered safe enough for home use.
CFC-12 has none of these drawbacks and has been used in all home
refrigerating equipment in the United States since at least 1946.

Home refrigerators currently use either a rotary or reciprocating
compressor. The reciprocating-compressor machines require only one-
third to one-half as much refrigerant. Historically, the average charge
in a domestic refrigerator was 280 grams (10 ounces) and the average

4Leakage and servicing use represent about half of refrigerant use. Older units using
CFC-12 would still require CFC-12 for servicing. If half the medium temperature units
in service used CFC-502 by then, CFC-12 use would still account for one-fourth the pro-

jected use.
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charge in a freezer was 430 grams (15 ounces). Today, refrigerators use
an average of about 210 grams (7.5 ounces) of refrigerant, whereas
freezers require about 280 grams (10 ounces).® Although refrigerators
outside the United States are typically smaller, we assume that initial
charges are the same as in current U.S. practice, about three-quarters
the historic U.S. level. We assume that home freezer use outside the
United States is negligible.

CFC-12 is used in home appliances for charging new units, in testing
and rework at manufacturing, and in replacing leakage and servicing
losses. The models used to calculate historical and future use are
described in Palmer et al. (1980).

Table 6.5 reports historical and projected baseline U.S. sales of
home appliances and estimated use of CFC-12. CFC-12 use declined
between 1976 and 1984 because of the increased use of reciprocating
compressors in refrigerators, which require a smaller initial charge, and
because the growth in freezers declined. Since the domestic home
refrigerator market is well saturated, we project future growth slightly
below the expected growth of GNP, 3 percent to 1990 and 2.5 percent
to 2000. Freezer sales were strong in the early 1970s but have since
declined. We assume only 1 percent growth to 2000.

Table 6.5

ESTIMATED HISTORICAL AND PROJECTED
U.S. HOME REFRIGERATOR AND FREEZER
SALES AND USE OF CFC-12

Number of Number of
Refrigerators Freezers CFC-12

Year (thousands) (thousands) (mt)
1976 5,090 1,740 2,920
1980 5,570 1,670 2,370
1984 6,200 1,340 2,400
1985 6,390 1,360 2,440
1990 7,410 1,430 2,660
1995 8,380 1,500 2,900
2000 9,480 1,570 3,190
SOURCES: Palmer et al. (1980), Mooz et al.
(1982).

SHome refrigerators typically incorporate three to six times more CFC-11 blowing
agent in the insulating foam in their walls than CFC-12 refrigerant in their cooling sys-
tems.



Both reciprocating and rotary compressors are competitive in the
home appliance market. However, if their market shares were to shift
significantly it could substantially affect CFC-12 use. At present,
about 25 percent of domestic refrigerators and 30 percent of freezers
contain rotary compressors. If the share of appliances using rotary
compressors were to halve or double, average initial charges could fall
25 percent or increase by one-third by 2000. Combined with the uncer-
tainty over the total number of home refrigerators and freezers pro-
duced (equivalent to the uncertainty about GNP) the range of uncer-
tainty is from 0.7 to 1.43 times the projected base for CFC-12 use in
2000.

Table 6.6 reports estimated home refrigerator production by world
region. As a baseline projection we assume that West European use
will halt its historical decline and remain constant at 11,000 mt annu-
ally to 2000. For the other reporting countries we set baseline pro-
ject,ed6 growth at the same rate as from 1972 to 1981, 6.2 percent per
year.

Table 6.7 reports our base projection for reporting country CFC-12
use in home appliances. Uncertainty about use outside the United
States is greater, because of the greater uncertainty about the average
charge and how it may change. We suggest a range of 0.67 to 1.50

Table 6.6
ESTIMATED HISTORICAL WORLD PRODUCTION
OF HOME REFRIGERATORS
(In thousands)
Average growth

Region 1972 1981 rate (%)
Western Europe 12,110 10,990 -1.1
North America (excl. U.S.) 830 1,350 5.6
South America 1,330 2,800 8.6
Asia (excl. USSR) 4,550 17,710 6.0
Africa 330 510 5.0
Oceana 450 460 0.0
Eastern Europe (excl. USSR) 2,510 3,340 3.2
USSR 5,030 5,930 18
Total 27,100 33,100 2.2

SOURCE: United Nations Statistical Office (1981).

%Recall that we do not project use in the communist countries in this section; the data
on communist countries in Table 6.6 is included for reference.
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times the base projection in 2000 to account for the uncertainty about
average charge. Combined with uncertainty about GNP growth this
produces a range of uncertainty of 0.63 to 1.59 times projected use.

CHILLERS

Chillers are air conditioning systems used in large commercial and
industrial buildings. The cooling system consists of a central unit that
chills a secondary refrigerant, typically water or brine, which is circu-
lated to cooling coils throughout the building. Chillers may use either
centrifugal or reciprocating compressors. The centrifugal units use pri-
marily CFC-11 or CFC-12 and have capacities ranging from 75 to
10,000 tons.” The reciprocating units use CFC-22 and CFC-12 and are
of smaller capacity, usually no more than 150 tons.

Estimates of historical and projected baseline CFC-11 and CFC-12
use are developed using a model described in Palmer et al. (1980). Use
includes the CFC used for charging new units, for testing at manufac-
ture (about 5 percent of initial charge, falling over time), for replacing
losses during shipping and installation (4 percent of initial charge), and
for replacing leakage and servicing losses (about 7.5 and 10 percent of
banked refrigerant, respectively; estimated servicing losses decline over
time).

Table 6.7

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF CFC-12 IN
HOME REFRIGERATORS AND FREEZERS

(In mt)

Other Total

United Reporting Reporting

Year  States Countries Countries
1985 2,440 7,790 10,230
1990 2,660 10,520 13,180
1995 2,900 14,220 17,120
2000 3,190 19,200 22,390

"Refrigerating system capacities are traditionally rated in tons, where one ton is the
amount of heat required to melt one ton of ice in 24 hours or 200 Btu per minute. A
commercial or industrial building generally requires about one ton of cooling capacity for
every 300 square feet of floor area.
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Centrifugal Chillers

The choice of refrigerant in a centrifugal chiller is also a matter of
size. CFC-11 is used in about 80 percent of the units, but these are
primarily small units (less than 500 tons), requiring an estimated 350
kilogram average charge. CFC-12 is used in about 10 percent of the
units, with an average charge estimated as 950 kilograms. The largest
units (over 1,000 tons) are usually charged with CFC-22, CFC-114, or
CFC-500—a blend containing 74 percent CFC-12. Average charges are
declining slowly as manufacturers make evolutionary advances in
chiller design and reduce leakage.

Table 6.8 presents historical estimates of domestically installed cen-
trifugal chillers and attendant CFC-11 and CFC-12 use and our base
projection for future use. The number of chillers grew steadily between
1976 and 1981 and then declined slightly, perhaps because of the reces-
sion. CFC use over the period increased by only about 10 percent
because of a decrease in servicing losses from an estimated 16 percent
of stocks in 1976 to about 10 percent in 1985. Note the slower growth
in CFC use after 1985 because of projected further decreases in servic-
ing losses, to 5 percent of stocks by 2000.

Table 6.8

ESTIMATED HISTORICAL AND PROJECTED U.S.
CENTRIFUGAL CHILLER INSTALLATIONS
AND USE OF CFC-11 AND CFC-12

Centrifugal CFC-11 CFC-12
Year Chillers (mt) (mt)
1976 1,930 3,910 1,460
1977 1,910 3,900 1,430
1978 2,280 4,010 1,480
1979 2,350 4,020 1,480
1980 3,090 4,260 1,590
1981 3,580 4,440 1,670
1982 3,210 4,330 1,620
1983 3,470 4,400 1,650
1984 3,420 4,360 1,640
1985 3,680 4,380 1,650
1990 4,490 4,840 1,800
1995 5,260 4,950 1,830
2000 5,750 5,400 2,000

SOURCES: Chillers, 1976-1980, Mooz et al.
(1982); 1981-1984, industry sources.
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One trend that may reduce future use of CFC-11 in centrifugal chill-
ers is the increasing use of one or more reciprocating chillers, most of
which use CFC-22, instead of a single centrifugal unit. This trend is
expected to continue as larger reciprocating units are manufactured.
The use of multiple reciprocating chillers in place of a-single centrifu-
gal unit provides greater system reliability and allows continued cooling
while one unit is being serviced. If this trend were to continue, use of
CFC-11 might be reduced by one-third by the year 2000.2

We estimate current reporting country use relying on industry
sources who suggest that the United States currently accounts for
about 45 percent of CFC-11 and CFC-12 use in centrifugal chillers.
Table 6.9 reports projected reporting country use. We assume that
chiller sales for new construction grow at the rate of GNP both in the
United States and abroad.

Uncertainty concerning future use of CFCs in centrifugal chillers
centers on possible substitution to reciprocating chillers. We suggest
that uncertainty about the total demand for cooling systems is compar-
able to uncertainty over GNP growth, whereas the quantities of CFC-
11 and CFC-12 used in centrifugal chillers could decline by one-third
by 2000 if reciprocating chillers take a significant share of the centrifu-
gal market. These uncertainties combine to a range of 63 to 125 per-
cent of the base projections.

Table 6.9

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY USE OF CFC-11 AND CFC-12
IN CENTRIFUGAL CHILLERS

(In mt)

Other Reporting  Total Reporting
United States Countries Countries

Year CFC-11 CFC-12 CFC-11 CFC-12 CFC-11 CFC-12

1985 4,380 1,650 5,520 2,080 9,900 3,730
1990 4,840 1,800 6,090 2,270 10,930 4,070
1995 4,950 1,830 6,510 2,410 11,460 4,240
2000 5,400 2,000 7,420 2,750 12,820 4,750

8If reciprocating chillers take half the market we project for centrifugal units, the
stock of centrifugal chillers would be 20 percent smaller than projected. Since replace-
ment of leakage and servicing losses account for 68 percent of CFC-11 use in 2000, use
would be only about two-thirds the projected level.
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Reciprocating Chillers

Smaller cooling systems, of less than about 150 tons capacity, typi-
cally employ reciprocating chillers. Although the systems were origin-
ally designed to use CFC-12, CFC-22 designs have been replacing the
older units since the 1960s; today only about 2 percent of new units use
CFC-12. The CFC-22 systems have about a 60 percent greater capacity
than CFC-12 systems for the same physical size.

Table 6.10 presents estimated historic U.S. sales of reciprocating
chillers and associated CFC-12 use and the base projection for future

‘use. Note that in spite of the growth in the number of chillers, CFC-12

use declined precipitously as an increasing share of chillers used CFC-
22. This decline is projected to continue as older units that use CFC-
12 are replaced by new CFC-22 using units.

Table 6.11 reports the base projection for reporting country CFC-12
use in reciprocating chillers. Estimated current use is based on indus-
try sources indicating that reporting country use of CFC-12 in recipro-
cating chillers is currently 3.6 times as large as U.S. use. We believe
that growth in new reciprocating chillers outside the United States will
be somewhat more rapid, 5 percent annually, because most other coun-
tries have concentrated on reciprocating instead of centrifugal chillers
because of the lower production capital costs.

Uncertainty over total demand for chillers is comparable to uncer-
tainty over GNP growth. Moreover, the level of CFC-12 use in chillers

Table 6.10

ESTIMATED HISTORICAL AND
PROJECTED U.S. RECIPROCATING
CHILLER INSTALLATIONS AND
USE OF CFC-12

Reciprocating CFC-12
Year Chillers {mt)
1976 5,020 890
1977 6,970 830
1978 6,300 750
1979 6,850 670
1980 8,020 600
1985 9,300 280
1990 10,350 130
1995 11,100 90
2000 12,700 90

SOURCE: 1976-1980, Mooz et al.
(1982).
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Table 6.11

ESTIMATED CURRENT AND PROJECTED
WORLD USE OF CFC-12 IN

RECIPROCATING CHILLERS
(In mt)
Other Total

United Reporting Reporting
Year  States Countries Countries

1985 280 1,000 1,280
1990 130 510 640
1995 90 400 490
2000 90 450 540

could vary widely. If all new chillers used CFC-22, use of CFC-12
could decline to about half the base projection by 2000. Alternatively,
if centrifugal chillers continue to be replaced by reciprocating units and
significant substitution of CFC-22 does not occur, CFC-12 use could
conceivably double. Combining these uncertainties produces a range of
possible use in 2000 of 48 to 207 percent of the base projections.
Figures. 6.1 and 6.2 summarize the projected baseline use of CFC-11
and CFC-12 in refrigeration applications. Almost all of the use we
have analyzed is of CFC-12, and the United States accounts for the
majority of analyzed use because of widespread mobile air conditioning.
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VII. MISCELLANEOUS USES OF CFC-11 AND
CFC-12

There are a variety of other applications that use small amounts of
CFC-11 and CFC-12. Although the amount of CFC used in each speci-
alty application alone is small, taken together such uses represent a
significant fraction of CFC use. In what follows, we estimate the
present and future use of CFC-11 and CFC-12 in miscellaneous appli-
cations. We do not attempt to construct ranges of uncertainty for
these minor uses and present only point estimates for future years.

STERILANTS

CFC-12 is used as a diluent for ethylene oxide in hospital and indus-
trial sterilants. In earlier work (Palmer et al., 1980; Mooz et al., 1982),
Rand estimated U.S. use of CFC-12 in sterilants at 5,900 mt in 1976
and 6,800 mt in 1980. During that four year period the growth aver-
aged 3.6 percent annually. Assuming the same rate of growth for the
next five years would place 1985 use at about 8,000 mt.

Industry sources indicate that use of the ethylene oxide/CFC-12
blend will not increase in the future. Indeed, ethylene oxide, an animal
carcinogen, may eventually be banned in sterilant applications. Accor-
dingly, we assume no future growth. We arbitrarily assume that CFC-
12 use in sterilants outside the United States accounts for an addi-
tional 8,000 mt and that this use will not grow.

LIQUID FOOD FREEZING

CFC-12 is used in a liquid food freezing process developed by
DuPont. 1976 U.S. use was estimated at about 2,720 mt, with large
future growth anticipated (Palmer et al., 1980). By 1980, the expected
growth had not occurred and future growth was estimated at much
lower levels (Mooz et al., 1982).

Using this information we estimate an average annual growth of 1
percent since 1976, placing 1985 use at 2,970 mt. Use in the other
reporting countries is also small: We estimate that it is about equal to
U.S. use.

Table 7.1 presents estimated CFC-12 use in liquid food freezing for
the United States and other reporting countries. The projections were

R4
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Table 7.1

ESTIMATED CURRENT AND PROJECTED USE OF
CFC-12 IN LIQUID FOOD FREEZING

(In mt)

Other Total

United Reporting Reporting

Year States Countries Countries
1985 2,970 2,970 5,940
1990 3,530 3,530 7,060
1995 4,030 4,190 8,220
2000 4,600 4,980 9,580

derived assuming future growth at the projected regional GNP growth
rates. Industry sources indicate that new LFF users are few and that
CFC-12 use for this purpose may actually decline in the future.

OTHER MISCELLANEOUS APPLICATIONS

A variety of other applications use very small amounts of CFC-11
and CFC-12. They include CFC-12 use in fire and other warning
devices, boat horns, dehumidifiers, pressurized blowers and drain
cleaners, and trucking refrigeration, and CFC-11 use in coal cleaning.
Total U.S. use in these applications was estimated at 450 mt of CFC-
11 and 1,430 mt of CFC-12 in 1976 (Palmer et al., 1980). In Table 7.2
we provide estimates of current and future U.S. use based on growth at
the GNP rate for all applications except coal cleaning. Industry
sources indicate that this use has not grown and is unlikely to do so in
the future. The table also presents estimated current and projected use
of CFC-12 in the other reporting countries assuming that 1985 levels
mirror those in the United States and that growth will occur at the
same rate as the GNP. We do not include CFC-11 since we are not
aware of its use for coal cleaning outside the United States.



Table 7.2

ESTIMATED CURRENT AND PROJECTED USE OF CFC-11 AND
CFC-12 IN OTHER MISCELLANEOUS APPLICATIONS

(In mt)

Other Reporting Total Reporting
United States Countries Countries

Year CFC-11 CFC-12 CFC-11 CFC-12 CFC-11 CFC-12

1985 450 1,700 — 1,700 450 3,400
1990 450 2,020 - 2,020 450 4,040
1995 450 2,301 - 2,400 450 4,710

2000 450 2,640 — 2,850 450 5,490




VIII. SOLVENTS

CFC-113 and methyl chloroform are used primarily as solvents.
Carbon tetrachloride was formerly used as a solvent but, at least in the
industrialized countries, this use has been curtailed. It is also used as a
grain fumigant, but that use has been discontinued in the United
States. The chemical’s major use is as an intermediate in the produc-
tion of CFC-11 and CFC-12.

The use of solvents as “degreasers” is an important cleaning step in
many manufacturing processes. Projections of future solvent use are
especially uncertain because of the number of competing solvents and
the possibilities for substitution among them as one or more are sub-
jected to increasing regulation. Neither CFC-113 nor methyl chloro-
form has a dominant share of the overall solvent market, although each
has a strong position in certain submarkets. CFC-113 is used primarily
in the electronics industry, and methyl chloroform is used in a variety
of applications from electronics to shipbuilding.

Most solvent uses can be described as either “cold cleaning,” where
the part to be cleaned is dipped into a tank of solvent, or “vapor
degreasing,” where the solvent is heated and the item to be cleaned is
suspended in the vapor above the tank. In both types of cleaning the
solvent displaces contaminants and then evaporates. Another use is
drying, where the solvent is used to displace water. Solvent emissions
are prompt, although equipment to recover and recycle the solvent can
be used.

Use of methyl chloroform and CFC-113 may be strongly affected by
government regulations. One factor that may discourage the use of
these and other solvents is the U.S. ban on land disposal of waste
chlorinated solvent, which becomes effective in November 1986. Some
users may adopt more conservative practices or alternative cleaning
processes, or substitute other solvents that have not been banned from
land disposal to avoid much higher disposal costs. Alternatively, some
of the competing solvents, such as trichloroethylene, perchloroethylene
and methylene chloride, may be regulated more stringently because of
concern over health risks to workers and the general population.
(These solvents have been shown to cause chronic adverse health
effects in animal studies.) Such restrictions could substantially
increase demand for CFC-113 and methyl chloroform.
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CFC-113

CFC-113 is used largely in the electronics industry, to deflux printed
circuit boards and other metal components and for “critical cleaning”
of plastic or specialty components, such as semiconductors, that are
produced in a contamination-controlled environment. CFC-113 is more
compatible with certain plastics than are other solvents: Without it
many components could not be made of plastic. Small quantities are
also used in chemical processing, as a blowing agent for foam produc-
tion, as a specialty refrigerant, and for dry cleaning.

CFC-113 has several advantages over potential alternatives. First, it
is a mild solvent, compatible with virtually all materials. Indeed, it is
gentle enough to dry clean delicate suede and leather garments.
Second, its TLV! in the workplace is 1,000 parts per million, the
highest value assigned. This implies that costly methods of air circula-
tion and dilution can be avoided. Third, CFC-113 is very stable, one of
the characteristics that makes it a potential ozone depleter. Thus it
can be used without stabilizing additives.

In Table 8.1 we present estimates of historical U.S. CFC-113 pro-
duction and projected baseline future use. Because the chemical is pro-
duced by only two domestic producers, annual production data are not
reported by the International Trade Commission. We estimated his-
torical use as follows: The 1976 and 1977 values are from Palmer et al.
(1980). The 1978 estimate was derived from a Chemical Marketing
Reporter Chemical Profile on fluorocarbons indicating that solvent use
amounted to 11 percent of total CFC use (CMR, 1978). Since virtually
all solvent use is CFC-113, we estimate 1978 use as 11 percent of 1978
CFC production. Total CFC production is estimated from the ITC
reports for CFC-11, CFC-12, and CFC-22, and a Rand estimate for
CFC-114.2

For 1979, we based our estimate on a Chemical Marketing Reporter
Chemical Profile on perchloroethylene, the precursor chemical used to
produce CFC-113 and CFC-114 (CMR, 1979). The profile indicated
that 13 percent of the chemical was used in CFC production. After
subtracting the estimated amount used to produce CFC-114 the
amount of CFC-113 produced can be estimated using the appropriate
stochiometric equations (see Wolf, 1980).

1The Threshold Limit Value is the maximum allowable time-weighted average con-
centration to which a worker may be exposed over an eight-hour working day, 40-hour
work week, as determined by the U.S. Occupational Safety and Health Administration
(OSHA). Generally, the more toxic the chemical, the lower the TLV.

2Total CFC-113 use exceeds solvent use by the small amounts used as refrigerants
and in plastic foams.



59

Table 8.1

ESTIMATED HISTORICAL
AND PROJECTED U.S.
USE OF CFC-113

(In mt)
Year CFC-113
1976 31,300
1977 36,740
1978 39,010
1979 49,900
1980 57,150
1981 57,150
1982 57,160
1983 57,150
1984 68,040
1985 73,200
1990 105,600
1995 134,800
2000 172,000

The 1984 production estimate is from industry sources. The values
for 1980 through 1983 are more uncertain. CFC-113 production during
that time may have been as high as 59,870 mt (EPA, 1981) or as low as
57,150 mt (industry sources). We adopt the latter estimate and assume
that the market was flat for the period because of the recession.

The estimates in Table 8.1 suggest that CFC-113 use more than
doubled between 1976 and 1984. We expect future growth to be high
as well. In the absence of the ban on land disposal of waste chlori-
nated solvents, CFC-113 use in defluxing and critical cleaning (about
50 percent of current use) would be expected to grow at the rate of
other chemicals used in the electronics industry, 13 percent over the
next several years.® As a base projection, we assume that defluxing and
critical cleaning use grow at only 10 percent between 1984 and 1990 to
account for the land disposal ban. We assume that the other CFC-113
applications grow at a lower rate, 5 percent through 1990. Combining
these markets implies overall growth averaging 7.6 percent annually.
Because industry sources expect the electronics industry to continue to
grow more rapidly than GNP for an extended period, we project base-
line CFC-113 use in all applications to grow at an average of 5 percent
annually between 1990 and 2000.

3See Stinson (1983), CMR (1984), Mining Journal (1985), and Manufacturing Chemist
and Aerosol News (1985).



Industry sources suggest that 1984 CFC-113 use in the EEC was less
than 45,000 mt; we assume 40,000 mt. Japanese production of all
CFCs is about 150,000 mt* of which CFC-11 and CFC-12 account for
110,000 mt.> Almost all of the remaining 40,000 mt should be CFC-113
and CFC-114; we assume that CFC-113 production is 35,000 mt.
Finally, we assume that production in the other reporting countries
outside the EEC and Japan is nominal, about 10,000 mt. This leads to
an estimated 85,000 mt in the CMA reporting countries outside the
United States.

Our base projections for reporting country CFC-113 production are
reported in Table 8.2. Outside the United States, we project baseline
growth of 9.3 percent for the period 1984 through 1990. This rate is
based on one-half the market (defluxing and critical cleaning) growing
at 13 percent, as U.S. use would in the absence of the land disposal
ban, and the other half at 5 percent. After 1990, we assume an average
annual rate of 6 percent growth in the baseline, about 70 percent
higher than the expected GNP growth rate, to account for the fast
growing electronics industry.

United States CFC-113 use may be lower than our projected base
use if the impending ban on land disposal affects CFC-113 use more
than we have estimated. Two of the most likely alternatives to land
disposal are reclamation and incineration. Once the ban goes into
effect there may be insufficient reclamation capacity to handle the
greatly increased demand. Indeed, today only a handful of reclaimers
in the country can properly reclaim CFC-113. The fluorine in CFC-113

Table 8.2

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF CFC-113

(In mt)
Other Total

United Reporting Reporting
Year States Countries Countries
1985 73,200 85,000 158,200
1990 105,600 132,600 238,200
1995 134,800 177,400 312,200
2000 172,000 237,500 409,500

4Ministry of International Trade and Industry data as supplied by Japan Flon Gas
Association (private communication, 1985).
5Taya (1985).
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apparently corrodes the refractory material lining incinerators, and
industry sources report that incinerator owners charge dearly for fluori-
nated chemicals or refuse to accept them altogether. Consequently, it
is possible that substitution and increased reclamation might reduce
U.S. CFC-113 production by a third. Alternatively, regulation of tri-
chloroethylene, perchloroethylene, and methylene chloride use could
increase demand for CFC-113 by half. We believe that outside the
United States any regulations are likely to have a smaller effect, since
the existence and stringency of regulations will differ across nations.
However, future growth in solvent use is more uncertain so we also
assume a range of plus one-half or minus one-third.

METHYL CHLOROFORM

Although it is not a particularly strong potential ozone depleter,
methyl chloroform is produced in large quantities. In the United
States, it is used primarily for vapor degreasing and cold cleaning of
electronic and other parts, although small amounts are used in
adhesives, aerosols, and coatings. Methyl chloroform is a general pur-
pose solvent that has certain advantages over its competitors. Its
TLV, although lower than that of CFC-113, is higher than that of
other chlorinated solvents. It is a stronger solvent than CFC-113 and
is consequently not compatible with all materials. However, because it
is stronger it can clean contaminants that CFC-113 cannot remove. A
recently marketed blend of methyl chloroform and alcohol has made
some inroads into the electronics market.

Table 8.3 reports U.S. methyl chloroform production between 1976
and 1984 and projected use. Note that production increased 16 percent
over the period, an average of about 1.9 percent annually.

We estimate 1985 U.S. use of methyl chloroform as 270,000 mt.
This estimate is based on the trend in reported production since 1979
and is derived in Appendix A. Since methyl chloroform is a widely
used general purpose solvent we would expect use to grow at the same
rate as the GNP in the absence of the land disposal ban. Because of
‘the ban we assume a slightly lower growth, 3 percent between 1986 and
1990 and 2 percent through 2000 (compared with expected GNP
growth of 3.5 and 2.7 percent, respectively). Before the ban’s imple-
mentation in 1986 we assume growth at the GNP rate.

Industry sources indicate that 1980 U.S. production represented 59
percent of total world production outside the communist countries. If
we assume this same relationship for 1985, we obtain the values shown
in Table 8.4. We project baseline growth outside the United States at
the same rate as GNP, 3.5 percent annually.
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Table 8.3
ESTIMATED HISTORICAL
AND PROJECTED U.S.
USE OF METHYL
CHLOROFORM
(In mt)

Methyl
Year Chloroform
1976 266,000
1977 288,000
1978 292,000
1979 325,000
1980 314,000
1981 279,000
1982 270,000
1983 266,000
1984 303,000
1985 270,000
1990 314,500
1995 347,300
2000 383,400

SOURCE: US. ITC

(1976-1984).

Projected methyl chloroform use is subject to the same types of
uncertainty as CFC-113 use. The land disposal ban may cause users to
reduce their use of methyl chloroform (through reclamation, for

Table 8.4

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY USE OF METHYL CHLOROFORM

(In mt)
Other Total
United Reporting Reporting
Year States Countries Countries
1985 270,000 187,600 457,600
1990 314,500 222,800 537,300
1995 347,300 264,600 611,900

2000 383,400 314,300 697,700
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example) or to switch to other solvents or processes. Alternatively,
regulation of alternative chlorinated solvents, including methylene
chloride, trichloroethylene, and perchloroethylene, could substantially
increase domestic use of methyl chloroform. Since methyl chloroform
is used in a wider range of applications than CFC-113, its use is less
sensitive to trends in particular industries and the range of uncertainty
should be smaller. We suggest a range of uncertainty of 80 to 125 per-
cent of the base projection, conditional on GNP. Combined with the
uncertainty about GNP growth, the overall range of uncertainty is 0.73
to 1.37 times the base projection for the United States and for the
other reporting countries.

CARBON TETRACHLORIDE

Carbon tetrachloride is an excellent solvent in many applications.
At one time, it was widely used as a solvent in the United States.
Because of its acute and chronic toxicity, however, it is used only in
small amounts for such purposes today. Although our information on
carbon tetrachloride use in the rest of the world is limited, we suspect
that carbon tetrachloride is commonly employed as a general purpose
solvent in many developing nations.

Carbon tetrachloride’s major use in the United States and most of
the rest of the world is as an intermediate in the production of CFC-11
and CFC-12. A second large use in this country has been for grain
fumigation. Domestic producers have voluntarily agreed to halt pro-
duction for this application beginning in 1986, however. Additional
small amounts are used in the pharmaceutical industry.

Table 8.5 shows historical U.S. production of carbon tetrachloride
and the fraction used to produce CFCs. Note the sharp decline in 1982
and 1983 because of the recession. Demand for CFC-11 and CFC-12
was off strongly for that period, and because a high percentage of car-
bon tetrachloride is devoted to CFC manufacture, its total production
declined as well (CMR, 1983).

Table 8.6 presents estimated future carbon tetrachloride production
using the base projections for United States and other reporting coun-
try CFC-11 and CFC-12 production. The estimates are based on the
stochiometric equations for CFC production. These imply that produc-
tion of one kilogram of CFC-11 requires 1.12 kilograms of carbon tetra-
chloride and that one kilogram of CFC-12 requires 1.27 kilograms (see
Wolf, 1980). We estimate that additional losses in the production pro-
cess amount to 2.7 percent of total use in CFC production, whereas
other uses, not including grain fumigation, account for an estimated



Table 8.5

ESTIMATED HISTORICAL U.S. USE
OF CARBON TETRACHLORIDE

(In mt)

Carbon % Used To
Year Tetrachloride Produce CFCs

1976 389,000 -
1977 366,000 -
1978 334,000 95

1979 324,000 —
1980 322,000 -

1981 329,000 95
1982 266,000 -
1983 260,000 83.6°

1984 323,000 -

SOURCES: U.S. ITC (1976-1984);
CMR (1978, 1981, 1983).

*The share allocated to CFC produc-
tion decreased in 1983 because a large
fraction of carbon tetrachloride was
exported.

Table 8.6

ESTIMATED CURRENT AND PROJECTED REPORTING
COUNTRY USE OF CARBON TETRACHLORIDE

(In mt)
Other Total
United Reporting Reporting
Year States Countries Countries
1985 280,000 590,000 870,000
1990 323,200 668,500 991,700
1995 373,100 757,300 1,130,400
2000 430,700 857,700 1,288,400

additional 5.4 percent of total use. The resulting U.S. estimate, 277,000
mt, almost exactly matches the 280,000 mt estimate derived from
reported production in recent years (see Appendix A). Since almost all
carbon tetrachloride is used for CFC production the uncertainty about
future production is based on uncertainty about future production of
CFC-11 and CFC-12. Specifically, the range is based on the average of
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the ranges of total CFC-11 and CFC-12 production and spans the
interval from 0.76 to 1.32 times the projected base level in the United
States and from 0.73 to 1.37 times the base projection for the other
reporting countries.

Historical and projected consumption of CFC-113, methyl chloro-
form, and carbon tetrachloride are summarized in Fig. 8.1 for the
United States and in Fig. 8.2 for the CMA reporting countries. Note
that U.S. use of methyl chloroform about equals that of carbon tetra-
chloride, but carbon tetrachloride use far exceeds estimated methyl
chloroform use in the reporting countries. This difference is due in
part to the relatively low U.S. use of CFC-11, compared with the other
reporting countries, and consequently lower carbon tetrachloride use.
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IX. FIRE EXTINGUISHANTS

Halons 1211 and 1301 were introduced for use as fire extinguishants
in the United States in the early 1970s. Although total production is
presently small relative to the other chemicals we consider, use is
expected to grow rapidly. Moreover, since the Halons contain bromine
they may present a much greater threat to the stratospheric ozone than
do similar chlorinated chemicals.

Halon 1301 is used primarily in total flooding systems that protect
valuable equipment and materials in enclosed spaces. These systems
release a preset quantity of the gas from a pressurized cylinder in the
event of a fire. Although Halon 1301 is relatively expensive it leaves
no residue and does not damage valuable equipment. Moreover, unlike
other extinguishants, it can be released before workers are evacuated
from the room, thereby reducing fire damage. It is used primarily in
computer rooms, telephone exchanges, pipeline compressor and pump-
ing stations, airliners, some libraries and museums, battle tanks, and
ship engine and boiler rooms. In the late 1970s more than 80 percent
was used in computer rooms, telephone exchanges, and other rooms
containing electronic equipment (DuPont, 1978). Halon 1301 is also
being introduced into the hand-held extinguisher market for home and
commercial use, and small quantities are used as a specialty refriger-
ant.

Halon 1211 is used primarily in hand-held fire extinguishers. It is
also used in U.S. Air Force rapid intervention crash trucks.

Nearly the entire quantity of Halons produced in a year is banked in
total flooding systems or other fire extinguishers. Emissions occur
when the system is activated during a fire and from system testing, fill-
ing and servicing, leakage, and accidental discharges. Losses through
accidental discharge are likely to be more significant for hand-held
extinguishers than for the total flooding systems. Since the Halons are
so expensive it is likely that the amounts stored in total flooding sys-
tems will often be recovered and re-used when the system is disman-
tled, so much of the bank may never be released to the atmosphere.
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HISTORICAL U.S. USE

Table 9.1 presents estimated historical U.S. use of Halon 1301. We
have little information on past use of Halon 1211, but suspect it is
similar. Approximately 95 percent of annual Halon 1301 use is attri-
buted to total flooding systems with the remaining 5 percent going to
hand-held extinguishers, specialty refrigeration, and other uses.

The historical use estimates assume the introduction of 2,600 new
systems each year beginning in 1972 and reaching a total of 13,000 sys-
tems in 1978. Subsequent growth was rapid: an estimated 30 percent
annually during 1978 and 1979, falling to 25 percent in 1980 and 1981,
to 15 percent in 1982 and 1983, and recovering to 20 percent in 1984
with the end of the recession. The estimates are consistent with esti-
mates by industry sources that U.S. use in 1977 was between 1,100 and
1,400 mt and that use in recent years was 3,400 to 4,500 mt.

Although there is considerable uncertainty about the average system
charge, industry sources indicate that it was quite high in the early
years and has since fallen. Accordingly, we adopt an average system
charge of 340 kilograms (750 pounds) for all new systems through 1983,
falling to 318 kilograms in 1984.

Table 9.1
ESTIMATED HISTORICAL

U.S. USE OF

HALON 1301

(In mt)

Year Use
1973 1,200
1974 1,200
1975 1,200
1976 1,200
1977 1,200
1978 1,600
1979 2,100
1980 2,600
1981 3,200
1982 3,700
1983 4,300

1984 4,800
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The estimated use figures in Table 9.1 include: the Halon 1301 used
to charge new units; use for testing, estimated at 19 percent of the ini-
tial charge; replacement of filling and servicing losses, estimated at 1
percent of the initial charge; replacement of leakage, estimated at 0.1
percent of the bank; replacement of Halon 1301 at system failure,
estimated at 1 percent of the bank; and discharge during fire, estimated
at 1 percent of the bank.

Halon 1301 use for system testing may increase substantially from
its current estimated use of 19 percent of initial charge. Currently,
three-quarters of new systems are tested, three-quarters of these using
CFC-12, but installers are beginning to test with the Halon more fre-
quently for two reasons. First, although it had been believed that an
82 percent charge of CFC-12 mimics a 100 percent charge of Halon
1301, recently it has become apparent that the hydraulics of the two
chemicals differ as they move through the pipes of the flooding system.
Second, and more important, CFC-12 at high concentrations has an
anesthetic effect. To properly test a flooding system a gas concentra-
tion of 5 percent must be held in the room for 10 minutes. Because
service workers have complained of headaches from CFC-12-filled
rooms, some are moving toward Halon 1301 in spite of its much higher
price.

CURRENT AND FUTURE REPORTING COUNTRY USE

In the United States, growth in new systems has remained high, an
estimated 20 percent between 1984 and 1985. For the base projection
we assume that rapid growth will continue at rates averaging 15 per-
cent through 1988. By then, many existing computers will be protected
by total flooding systems and growth is projected to decline to an aver-
age of 7 percent annually until 2000. In the base projection, the aver-
age system charge is also projected to decrease, from 320 kilograms in
1984 to 180 kilograms by 2000, as the systems are placed in progres-
sively smaller installations (partly as a result of increasing miniaturiza-
tion of computers and other electronic equipment). Combining these
effects and the implied testing, servicing, and loss projections implies
annual U.S. production of 10,200 mt by 2000.

Table 9.2 shows the U.S. baseline projections together with our esti-
mates of reporting country Halon 1301 use. Relying on industry
sources, we use a base projection for total reporting country use twice
that in the United States.

These estimates and projections are subject to considerable uncer-
tainty. Halon total flooding systems are a substantial improvement
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Table 9.2

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF HALON 1301

(In mt)

Other Total

United Reporting Reporting

Year States Countries Countries
1985 5,400 5,400 10,800
1990 6,700 6,700 13,300
1995 8,300 8,300 16,500
2000 10,200 10,200 20,400

over earlier fire-protection systems and it is difficult to estimate how
widely they will be used. The average charge is subject to significant
uncertainty depending on the types of future installations. Increased
use of the Halon for testing could lead to substantially greater chemical
use. To account for these factors we suggest a range of uncertainty
between 0.6 and 1.67 times the base levels, for both the United States
and abroad.

Estimated current use of Halon 1211, and its base projection, are
shown in Table 9.3. Halon 1211 is used primarily in hand-held extin-
guishers. According to industry sources worldwide use is about equal
to that of Halon 1301, but the United States accounts for only one-
quarter of the total. For our base projection we assume that future use

Table 9.3

ESTIMATED CURRENT AND PROJECTED
REPORTING COUNTRY USE OF HALON 1211

(In mt)
Other Total
United Reporting Reporting
Year States Countries Countries
1985 2,700 8,100 10,800
1990 3,300 10,000 13,300
1995 4,100 12,400 16,500

2000 5,100 15,300 20,400




72

will grow at the same rate as Halon 1301 and suggest a range of uncer-
tainty between 0.6 and 1.67 times the base projected use.

United States use and reporting country use of Halons 1211 and
1301 are summarized in Fig. 9.1. The projected baseline growth is
strong but the range of uncertainty includes the possibility of almost
no growth.
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X. USE OF POTENTIAL OZONE DEPLETERS IN
THE COMMUNIST COUNTRIES

Available data on use of potential ozone-depleting substances in the
communist countries are extremely limited. The only published esti-
mates are for Soviet Union use of CFC-11 and CFC-12 from 1968
through 1975. However, we believe that the Soviet Union accounts for
the majority of use in these countries. Our approach to estimating
base projections for CFC-11 and CFC-12 is to estimate total use by
extrapolating from these historical data. Since we have little informa-
tion on the pattern of CFC uses, we do not explicitly estimate com-
munist country use by application.

The estimates of current solvent use are similarly uncertain. Car-
bon tetrachloride use is based on estimated CFC-11 and CFC-12 use.
The methyl chloroform estimate assumes that communist country use
relative to GNP is the same as the corresponding ratio in the reporting
countries, whereas the CFC-113 estimate is based on industry sources
who suggest that communist use of this solvent is quite small. Since
we have no information that Halon 1301 and 1211 are even used in the
communist countries, and because their use in the reporting countries
is so small, we assume that use in the communist countries is negligi-
ble.

Our lack of information on potential ozone-depleter use in the com-
munist countries is too great to treat the structure of uncertainty in
detail. Our uncertainty ranges are based on our ranges for use of each
chemical in the CMA reporting countries excluding the United States.
To reflect our greater uncertainty about use in the communist coun-
tries, the uncertainty ranges are constructed so that the variance of
use, conditional on the level of the GNP, is 1.25 times greater than the
corresponding variance for the non-U.S. reporting countries. As
described in Sec. II, our uncertainty range for communist country GNP
is also wider than for the reporting countries.

CFC-11 AND CFC-12 USE

Table 10.1 presents estimated CFC-11 and CFC-12 production in the
Soviet Union from 1968 through 1975 and base projections for the
communist countries from 1985 to 2000. The production estimates
were originally published in a Soviet journal (Borisenkov and Kazakov,

74
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1980) and are reprinted in the CMA reports. Reported growth was
very strong: 27 and 18 percent average annual growth rates for CFC-
11 and CFC-12, respectively. Such high rates are unlikely to have been
sustained in later years. For the period 1975 to 1985 we assume that
use grew at rates 10 percent less than the historical rates, 17 and 8 per-
cent per year, respectively. In addition, we assume that total commun-
ist country use is 15 percent greater than use in the Soviet Union (the
same assumption as CMA used in their 1983 report). These assump-
tions lead to estimated 1985 communist country use of 41,500 and
78,700 mt of CFC-11 and CFC-12. These estimates are roughly con-
sistent with estimates by other sources but are clearly more uncertain
than our estimates for other regions.

Beyond 1985 we project CFC-11 to grow at an average rate of 6 per-
cent through the end of the century and CFC-12 at an average rate of 5
percent. These rates are 2.0 and 1.67 times the base projected GNP
growth rate (3.0 percent). Such high rates are justified by the level of
development of the communist economies, a level at which uses of
CFC-containing products are likely to grow rapidly, and by the histori-
cally strong growth. We suspect that CFC-11 will grow more rapidly

Table 10.1

ESTIMATED HISTORICAL SOVIET UNION
AND PROJECTED COMMUNIST COUNTRY
USE OF CFC-11 AND CFC-12

(In mt)
Year CFC-11 CFC-12
Soviet Union
1968 1,400 9,800
1969 2,200 12,200
1970 2,500 13,500
1971 2,900 16,200
1972 3,700 18,500
1973 4,100 20,100
1974 6,200 25,900
1975 7,500 31,700
Communist Countries
1985 41,500 78,700
1990 55,500 100,400
1995 74,200 128,200

2000 99,400 163,600
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than CFC-12 because the estimated 1985 use of CFC-12 is so much
higher than that of CFC-11 (compared with the pattern in other
regions) and because our analysis of specific applications suggests that
CFC-11 use will grow more rapidly than CFC-12 use in other world
regions. Estimated historical and projected use is depicted in Fig. 10.1.

SOLVENT USE

Table 10.2 reports our estimates of current and projected solvent use
in the communist countries. Because we have no information to the
contrary, and because CMA reporting country use of Halon 1301 and
Halon 1211 is small, we assume that communist country use of these
chemicals is negligible.

Current use of CFC-113 in the communist countries is believed to be
modest at best, although some is likely to be used in manufacturing
military and scientific electronic equipment. We estimate a nominal
5,000 mt. The baseline projection is based on projected growth in the
non-U.S reporting countries: The difference between the baseline
CFC-113 and GNP growth rates is the same as for these countries.
Thus the baseline projection for the communist countries is 6.6 percent
for the next 15 years, 3.6 percent higher than the projected GNP
growth rate. The range of uncertainty is similarly based on the range
for the non-U.S. reporting countries. Combined with uncertainty about
the level of the GNP, the range is from 0.62 to 1.62 times the base pro-
jection.

Since methyl chloroform is a popular general purpose solvent in the
reporting countries, we suspect it is also widely used in the communist
countries. We estimate current use by assuming that the ratio of
methyl chloroform use to GNP is the same as for the reporting coun-
tries. Thus communist use is estimated as 16 percent of world use, or
87,000 mt. In the reporting countries other than the United States,
methyl chloroform is projected to grow at the same rate as the GNP.
We adopt the same assumption for the communist countries, implying
a baseline projected rate of 3 percent annually. The corresponding
range of uncertainty is from 0.68 to 1.47 times the base projection in
2000.

The estimated current and projected use of carbon tetrachloride is
based on the CFC-11 and CFC-12 estimates, using the same assump-
tions about other uses as for the reporting countries. Estimated
current use is 162,700 mt, with a projected baseline growth rate of 5.2
percent. The range of uncertainty is between 0.68 and 1.47 times the
projected base level.
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Table 10.2

ESTIMATED CURRENT AND PROJECTED COMMUNIST
COUNTRY USE OF CFC-113, METHYL CHLOROFORM,
AND CARBON TETRACHLORIDE

(In mt)
Methyl Carbon
Year CFC-113 Chloroform Tetrachloride
1985 5,000 87,000 159,000
1990 6,900 100,900 205,900
1995 9,500 116,900 267,000

2000 13,000 135,500 346,400




XI. CONCLUSIONS

We are now in a position to aggregate all of the details of the
preceding sections into global projections. This report examines the
current and likely future global production levels of the seven most
important potential ozone depleters—CFC-11, CFC-12, CFC-113, car-
bon tetrachloride, methyl chloroform, Halon 1211, and Halon 1301. It
starts by looking at the products in which these chemicals are used in
the United States and the other CMA reporting countries. It asks how
demand for these products and hence derived demand for the chemicals
themselves is likely to change over the next 15 years. It then posits
similar, but much less detailed and confident, demand trends for the
communist countries. This product-based or “bottom-up” approach
cannot capture the full demand for CFC-11 and CFC-12; hence the
report examines the magnitude of the uses not accounted for by the
method and develops a way to project these unallocated uses into the
future. By aggregating projections of demand for each chemical in the
United States, other reporting countries, and communist countries, as
well as projections of the likely shortfalls for CFC-11 and CFC-12, we
can develop global projections for each chemical. This section reports
those global projections and suggests some directions for future work.

UNITED STATES AND GLOBAL PROJECTIONS

Tables 11.1 and 11.2 summarize estimated current and projected
U.S. and total world use of the seven potential ozone depleters we have
analyzed. The tables present the range of projected use in 2000 and
the average annual growth rates from 1985 to 2000 implied by these
limits. In addition, Fig. 11.1 and Fig. 11.2 illustrate the estimated his-
torical and projected use of CFC-11 and CFC-12 in the United States
and CMA reporting countries. (Figures illustrating use of the other
chemicals are in preceding sections.) Much of the evident decline in
CFC-11 and CFC-12 use in the late 1970s was due to the discontinua-
tion of CFC use in many aerosol products in the United States and
elsewhere. As discussed in Sec. II, the bounds of the ranges of uncer-
tainty reported in the tables and figures are meant to capture a “rea-
sonable range” of outcomes for each chemical. The reader should keep
in mind that this is not an exact concept.

The projections for total CFC-11 and CFC-12 use are aggregated
from the projections for the specific applications we analyze. In



Table 11.1

ESTIMATED CURRENT AND PROJECTED U.S. USE OF
POTENTIAL OZONE-DEPLETING SUBSTANCES

Use (thousands of mt)

Average Annual
Projected in 2000 Growth Rate (%)
Chemical 1985 Lower Upper Lower Upper
CFC-11 75.0 110 190 2.6 6.3
CFC-12 135.0 140 240 0.4 4.0
CFC-113 73.2 120 270 3.6 9.1
Methyl chloroform  270.0 300 560 0.7 5.0
Carbon tetrachloride 280.0 350 600 1.5 5.2
Halon 1301 5.4 7 18 14 8.3
Halon 1211 2.7 3 9 14 8.3
Table 11.2

ESTIMATED CURRENT AND PROJECTED WORLD USE OF
POTENTIAL OZONE-DEPLETING SUBSTANCES

Use (thousands of mt)

Average Annual
Projected in 2000 Growth Rate (%)
Chemical 1985 Lower Upper Lower Upper

CFC-11 341.5 420 730 14 5.2
CFC-12 443.7 460 830 0.3 4.3
CFC-113 163.2 290 610 39 9.2
Methyl chioroform 544.6 630 1100 0.9 5.0
Carbon tetrachloride 1029.0 1200 2100 0.8 4.8
Halon 1301 10.8 13 33 1.1 76

Halon 1211 10.8 12 32 0.9 7.6
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addition, we project the unallocated uses to also grow at a rate equal to
the average of the analyzed applications. As discussed in Appendix B,
the unallocated uses are likely to include substantial amounts of CFC-
12 used in refrigeration applications, and for CFC-11, unspecified
refrigeration and miscellaneous uses. In addition, the unallocated uses
include any new products that may be introduced over the next 15
years.

The U.S. and global projections are quite similar. In part this is
because the United States accounts for such a large share of global
demand and in part because our approach often infers demand outside
the United States using information about U.S. demand. As is often
true with chemicals, demand for those that are used in the largest
quantities tends to grow more slowly than demand for smaller “speci-
alty” chemicals. Of the seven chemicals, CFC-12 and methyl chloro-
form are projected to grow at the lowest rates, averaging between about
0 and 4 or 5 percent annually over the next 15 years. CFC-11 is
expected to grow slightly more rapidly, but with a comparably wide
range of uncertainty. The projected growth rates for carbon tetra-
chloride are similar to those of CFC-11 and CFC-12 because the major
use of this chemical is in producing the two CFCs. The other chemi-
cals are produced in smaller quantities and are expected to grow more
rapidly, at rates of about 4 to 9 percent for CFC-113 and 1 to 8 percent
for the Halons. Nonetheless, these growth rates are not large enough
relative to those for the chemicals used in greater quantities to change
the relative importance to potential ozone depletion of these seven
chemicals much over the next 15 years. .

Keep in mind that the quantities shown in Tables 11.1 and 11.2 are
not the quantities relevant to potential ozone depletion. This is true
for two reasons. First, these are levels of use, not of emissions: Deple-
tion becomes a possibility only when these chemicals are emitted.
Most carbon tetrachloride is never emitted because it is converted into
other chemicals. Halons are rarely emitted and large amounts of
CFC-11 and CFC-12 are not emitted until years after they are initially
used. Second, emissions of equal quantities of different chemicals pose
varying levels of potential threat to stratospheric ozone. Despite its
high level of use, for example, methyl chloroform is estimated to
present only a modest threat to stratospheric ozone. CFC-11 and
CFC-12 are currently the most important potential ozone depleters and
will probably continue to be for the next 15 years.

The ranges of uncertainty reported in Table 11.1 for CFC-11 and
CFC-12 require aggregating the ranges for each application of these
chemicals. Similarly, the ranges for all of the chemicals reported in



Table 11.2 require aggregation across world regions. These ranges were
calculated using a method described in Camm and Hammitt (1986).!

DIRECTIONS FOR FUTURE WORK

The research reported here suggests several potential directions for
future work. The first focuses on the areas where our understanding of
demand for potential ozone depleters is least complete. Demand out-
side the United States, particularly in communist countries, is an obvi-
ous candidate. Work is under way in this area, but progress is slow.
Formal data systems outside the United States are not nearly as good
as those within. Producers of these chemicals do not face the same
reporting requirements outside the United States as they do within.
And the growing policy importance of information about potential
ozone depleters ‘can create incentives for governments outside the
United States, which might be asked to restrict the use or production
of these substances in the future, to make data collection more difficult
than it might otherwise be. Hence, although additional information in
this area would be beneficial, its collection is also proving to be costly.

It would also be useful to know more about the product areas or
applications of CFC-11 and CFC-12 not explicitly captured by the
“bottom-up” approach used here, in the United States and elsewhere.
As Appendix B suggests, these are likely to fall primarily in the refrig-
eration area. If they do, this is important information for policymakers
because refrigeration applications of CFCs are more difficult to displace
than other uses. Whatever accounts for the shortfalls, better informa-
tion about them would obviously improve our ability to project global
and U.S. demand for CFC-11 and CFC-12.

Finally, it would be valuable to give greater formal attention to the
sources of uncertainty underlying these projections. As explained in
Appendix C, the current formulation uses the concept of a subjective
probability distribution to combine information on different sources of
uncertainty. The details of the method are explained in Camm and
Hammitt (1986). At present, we assume that the levels of chemical use
in each application, conditional on the level of general economic

Briefly, we assume that the growth rates for each chemical are normally distributed
and composed of one term corresponding to general economic growth and a second term
describing growth conditional on the level of GNP. The term corresponding to GNP
growth is common to all applications within a region, whereas the second term is
independent of the first and independent across applications. We assume that the
second term for the unallocated applications of CFC-11 and CFC-12 is distributed like
the average of the terms for the analyzed applications. To aggregate across regions we
assume that both" GNP and chemical use relative to GNP are correlated across regions,
both with correlation coefficients of 0.75.
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activity, are independent of one another. However, there are clearly
applications where use is positively or negatively correlated. For exam-
ple, if some of the more toxic solvents that compete with CFC-113 and
methyl chloroform were subjected to stricter regulation, both CFC-113
and methyl chloroform use could be expected to increase. Alterna-
tively, if substitution of reciprocating chillers for centrifugal units were
to occur at a more rapid pace than we project, CFC use in reciprocating
chillers would increase and use in centrifugal units would decline. We
have not been able to take these correlations into account as yet, in
part because we have too little information to estimate the size of the
effects.

In summary, we conclude that demand for potential ozone depleters
as a class is likely to grow at a modest rate over the next 15 years.
Some chemicals will grow faster than others but the relative mix of
these chemicals in the world economy should not change markedly over
this period. For specific chemicals, possibilities clearly exist for much
more rapid growth or for almost no growth at all. Further work could
allow us to refine our understanding of these basic trends.






Appendix A

ESTIMATES OF CURRENT CONSUMPTION OF
CFC-11, CFC-12, METHYL CHLOROFORM, AND
CARBON TETRACHLORIDE

The estimates of current chemical consumption reported in the text
are intended to serve two purposes. First, we wish to present an accu-
rate overview of current use of each of the seven potential ozone
depleters we analyze. Second, since we base our projections of future
use on these estimates, we want estimates that fairly characterize use
in the mid 1980s. We wish to avoid basing our projections on the level
of consumption in any single year because, if that year is atypical, the
difference between consumption in that year and a more representative
estimate would be propagated in the projections for all future years and
even inflated because of the projection methodology.!

In addition, although our analysis focuses on consumption of the
potential ozone depleters, available data measure production.? For total
use of CFC-11 and CFC-12 in the reporting countries we believe the
difference is not significant, because trade in these chemicals between
the reporting and communist countries is probably negligible. In con-
trast, U.S. use may differ significantly from U.S. production, reported
by the U.S. ITC, because of substantial imports and exports. More-
over, for both reporting country and U.S. estimates, inventory adjust-
ments across years and other factors, although probably small, could
affect the annual totals.

To accurately characterize the level of reporting country and U.S.
use of the potential ozone depleters whose production is reported, we
have developed estimates using not one year but the last several years
of reported production. These estimates are based on simple linear
regression models describing reported annual production as a function
of time, for 1979 through 1984 or 1985 if available. Our estimate of

!f two otherwise identical projections use different base levels, projected levels in all
future years will differ by the same factor as the base year levels. Because future use is
expected to be greater than current use, the absolute difference will expand over time.

2Pyblished total production estimates are available for CFC-11 and CFC-12 in the
reporting countries and, in the United States, for CFC-11, CFC-12, methyl chloroform,
and carbon tetrachloride. For the other chemicals and regions our estimates of total con-
sumption are derived in the main text.

R7



1985 consumption is simply the level of production predicted by the
corresponding estimated regression equation. We do not use pre-1979
data because production of CFC-11, CFC-12, and carbon tetrachloride
declined sharply in earlier years, largely as a result of the ban on most
aerosol applications in the United States and other countries. The
production trends show a definite shift beginning in 1979.

This method for estimating current consumption is implicitly based
on two assumptions. First, it assumes that annual production, after
adjusting for business cycle and other fluctuations, has increased or
decreased by the same absolute amount over the period 1979 to 1985.
As will be shown below, except for a few anomalous years, this is a
good approximation. Second, the method assumes that consumption is
on average equal to production. For the reporting countries as a whole
this approximation is accurate, but for the United States the difference
between production and consumption may be wider. However, because
there is apparently no source of systematic, publicly available informa-
tion on imports and exports of these chemicals, we are unable to adjust
for either the average level of net imports or for changes in net imports
over time.

REPORTING COUNTRY CONSUMPTION OF CFC-11 AND
CFC-12

Table A.1 reports the estimated regression equations for reporting
country production of CFC-11 and CFC-12. Because the 1985 CMA
data are not yet available, we base our estimates on the 1979 through
1984 reports. The regression estimates imply that reporting country
production has grown an average of about 3,000 mt annually since
1979. Table A.2 reports the actual reported production and the
amount predicted by the estimated regression equation. As shown
there, the regression predictions are quite accurate for both CFCs and
all years except 1982 and 1984. Production in 1982 was significantly
smaller than predicted by the regression equation, whereas 1984 pro-
duction was significantly larger.> Whether 1984 marks the beginning of
a period of substantial growth or simply an aberration will not be
known for several years. For the present, we estimate 1985 production
and consumption by extrapolating along the estimated regression line
to obtain 300,000 mt of CFC-11 and 365,000 mt of CFC-12.4

3We judge the differences to be practically significant. They are not statistically sig-
nificant by conventional criteria.
4We have rounded the estimates to the nearest 5,000 mt.
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Table A.1

REGRESSION ESTIMATES OF REPORTING COUNTRY
CFC-11 AND CFC-12 PRODUCTION

CFC-11 CFC-12

Independent  Estimated Estimated

Variable Coefficient  t-statistic = Coefficient  t-statistic
Constant -5690 -0.91 -6240 -0.73
Year 3.02 0.95 3.33 0.77
Dependent variable: reported annual production in thousands of mt
R-squared: 0.185 0.129
RMSE: 13.2 18.1
Sample size: 6 6

Table A.2

REPORTED AND PREDICTED REPORTING COUNTRY
CFC-11 AND CFC-12 PRODUCTION

(In thousands of mt)

CFC-11 CFC-12

Reported Predic- Differ- Reported Predic- Differ-
Year Production tion ence Production tion ence

1979 289.5 282.7 +6.8 357.2 345.7 +11.5
1980 289.6 285.7 +3.9 350.2 349.0 +1.2
1981 286.9 288.8 -1.9 351.3 352.4 -11
1982 271.4 2918 -204 328.0 355.7 =217

1983 291.8 294.8 -3.0 355.3 359.0 -3.7
1984 312.4 2978 +14.6 382.1 3623 +19.8
1985 na 300.8 — na 365.6 -

NOTE: na = not available.

UNITED STATES CONSUMPTION OF CFC-11, CFC-12,
METHYL CHLOROFORM, AND CARBON TETRA-
CHLORIDE

The ITC reports U.S. production of CFC-11, CFC-12, methyl chloro-
form, and carbon tetrachloride. However, because the United States
imports and exports substantial quantities of these chemicals, domestic
consumption need not correspond to production. Moreover, there have
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been major shifts in international chemical trade over the last several
years with the United States importing more and exporting less than
before.> However, because systematic import and export data for these
chemicals are apparently not publicly available, we are unable to adjust
for this shift. As a result, our estimate of 1985 production may be a
downward-biased estimate of current consumption. However, such a
bias would not have a substantial effect on projected world consump-
tion of CFC-11, CFC-12, or carbon tetrachloride, since its only effect is
to incorrectly distribute total consumption between the United States
and other reporting countries. Since the projected growth rates for
these two regions do not differ widely, the effect on projected world
consumption would not be large. Our estimates of methyl chloroform
consumption in the non-U.S. reporting and communist countries are
based on estimated U.S. use, however. If the U.S. estimate is biased,
the estimate of the world total may also be biased.

Table A.3 reports the estimated regression equations for U.S. pro-
duction of CFC-11 and CFC-12. As shown, average annual production
has increased only about 500 mt per year over the post 1979 period. As
described above, we believe that U.S. use has grown more rapidly than
production because of increased imports and declining exports. The
low R-squared values do not indicate that the regression models do not
accurately summarize the production data. The values are low because
the general trend is essentially flat, so a linear function of time cannot
explain much of the variation in annual production.

As shown in Table A.4, the values predicted by the regression equa-
tion are quite close to the reported production levels. As for the
reporting country totals, reported 1982 production is significantly
below the model prediction and reported 1984 production is signifi-
cantly above the prediction. After rounding, our estimates for 1985
consumption of CFC-11 and CFC-12 are 75,000 and 135,000 mt, respec-
tively, about 1,000 and 7,000 mt larger than the reported 1985 produc-
tion levels.

The regression estimates for methyl chloroform and carbon tetra-
chloride are reported in Table A.5. Annual U.S. production has
declined on average over recent years, about 7,000 mt per year. As
shown in Table A.6, reported 1982 production is lower than that
predicted by the regression equation, whereas reported 1984 production

5Much of this shift is presumably attributable to the recent strength of the U.S. dol-
lar. For at least some chemicals the shift has been dramatic. For example, using data
from the Chemical Marketing Reporter profiles on trichloroethylene (January 27, 1986)
and perchloroethylene (February 3, 1986), we calculate that the increase in net imports
(imports minus exports) of these chemicals between 1980 and 1985 was about 40 and 27
percent of the 1985 U.S. consumption of these chemicals, respectively.
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Table A.3

REGRESSION ESTIMATES OF U.S. CFC-11
AND CFC-12 PRODUCTION

CFC-11 CFC-12

Independent  Estimated Estimated

Variable Coefficient  t-statistic = Coefficient  t-statistic
Constant -1190 -0.49 —474 -0.10
Year 0.636 0.52 0.307 0.12
Dependent variable: reported annual production in thousands of mt
R-squared: 0.052 0.003
RMSE: 6.4 13.0
Sample size: 7 7

Table A.4

REPORTED AND PREDICTED U.S. CFC-11
AND CFC-12 PRODUCTION

(In thousands of mt)

CFC-11 CFC-12

Reported Predic- Differ- Reported Predic- Differ-
Year Production tion ence Production tion ence

1979 75.8 71.8 +4.0 133.4 134.3 -0.9
1980 .7 72.4 -0.7 133.8 134.6 -0.8
1981 739 73.0 +0.9 1474 1349  +125
1982 63.5 73.7 ~10.2 117.0 135.2 -18.2
1983 73.0 74.3 -13 134.3 135.6 -13
1984 83.9 74.9 +9.0 152.9 1359 +17.0

1985 73.9 75.6 -1.7 127.9 136.2 -8.3
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Table A.5

REGRESSION ESTIMATES OF U.S. METHYL CHLOROFORM
AND CARBON TETRACHLORIDE PRODUCTION

Methyl Chloroform Carbon Tetrachloride

Independent Estimated Estimated
Variable Coefficient  t-statistic = Coefficient t-statistic
Constant 14,400 1.82 13,800 1.26
Year -7.13 -1.79 -6.80 -1.23
R-squared: 0.400 0.233
RMSE: 21.1 29.2
Sample size: 7 7
Table A.6

REPORTED AND PREDICTED U.S. METHYL CHLOROFORM
AND CARBON TETRACHLORIDE PRODUCTION

{In thousands of mt)

Methy! Chloroform Carbon Tetrachloride

Reported Predic- Differ- Reported Predic- Differ-
Year Production tion ence Production tion ence
1979 325.0 311.1 +13.9 324.0 321.6 +2.4
1980 314.0 304.0 +10.0 322.0 314.8 +7.2
1981 279.0 2969 -~179 330.0 308.0 +22.0
1982 270.0 289.7 -19.7 266.0 301.2 -35.2
1983 265.8 2826 -16.8 259.9 2944 345
1984 306.2 275.5 +30.7 323.4 287.6 +35.8

1985 268.1 268.4 -0.3 283.0 280.8 +2.2

is higher, the same pattern as for the CFCs in both the United States
and the reporting countries as a whole. However, reported U.S. pro-
duction of methyl chloroform and carbon tetrachloride has fluctuated
more (in absolute level) than reported CFC production, as shown by
the larger differences between the reported and predicted production
levels. After rounding, we estimate 1985 U.S. consumption of m@thyl
chloroform and carbon tetrachloride as 270,000 and 280,000 mt, almost
identical to the reported production levels.



Appendix B

COMPARISON OF ESTIMATED TOTAL CFC-11
AND CFC-12 USE WITH OTHER SOURCES

Our estimates of total CFC-11 and CFC-12 use are constructed
“from the bottom up.” That is, we estimate use in each application
considered, usually by combining estimates of total final product pro-
duced and CFC use per unit of product. Our estimate of total use is
simply the sum of the estimates for each application. In this section
we compare our estimates to total reporting country production of
CFC-11 and CFC-12 reported by the Chemical Manufacturers Associa-
tion (CMA, 1984) and total U.S. production reported by the U.S. Inter-
national Trade Commission (U.S. ITC, 1984). Our estimates are sub-
stantially lower than the CMA and ITC totals. Estimated CFC-11 use
is about 18 percent lower for the United States and 8 percent lower for
the reporting countries. For CFC-12, our U.S. estimate is 31 percent
lower and the reporting country estimate is about 23 percent too small.
To understand the source of these discrepancies we also compare our
current estimates to those in earlier Rand work (Palmer et al., 1980)
and to those published by DuPont (1978).

Our estimates for the other chemicals are based on published or
industry-supplied estimates of total use that we allocated to various
applications. These “top-down” estimates necessarily agree with the
published totals.!

COMPARISON OF ESTIMATED CFC-11 USE

Table B.1 summarizes estimated current use of CFC-11 by applica-
tion and compares it to ITC and CMA reported total use in the United
States and reporting countries. The CMA estimates in each applica-
tion are for 1984, when reported production totaled 312,400 mt. The
ITC and CMA totals are based on annual production since 1979 and
are derived in Appendix A. The Rand U.S. estimate is 18 percent
lower than the adjusted ITC figure, whereas the reporting country esti-
mate is 8 percent smaller than the adjusted CMA number.

INote that estimated carbon tetrachloride use depends largely on reported CFC pro-
duction levels and does not fall into either category.
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Table B.1

COMPARISON OF ESTIMATED 1985 CFC-11 USE
(In mt)

Total Reporting
United States Countries

Application Rand ITC Rand CMA

Aerosol 3,800 na 93,700 97,500
Foam production

Closed cell 38,300 na 115,800 110,600

Open cell 14,800 na 57,000 63,300
Refrigeration and

air conditioning 4,400 na 9,900 23,900
Miscellaneous 450 na 450 17,000
Total 61,750 175,000* 276,850 300,000*

“Estimated 1985 use is derived in Appendix A. The
CMA reported applications total 312,300 mt.

The ITC does not provide estimates of use by product area. Com-
parison of the Rand and CMA estimates reveals the Rand numbers to
be comparable in aerosols and foam production but substantially lower
in the refrigeration and miscellaneous categories, 14,000 and 17,000 mt
lower, respectively. This suggests that there may be significant use in
other applications we have not explicitly considered, including some
refrigeration and air conditioning applications. The difference between
the adjusted CMA total and the Rand reporting country estimate is
23,000 mt. Comparison of the Rand U.S. and ITC estimates suggests
that 13,000 mt, about half of the unallocated uses, are in the United
States.

COMPARISON OF ESTIMATED CFC-12 USE

Estimated CFC-12 use is presented in Table B.2 together with the
ITC and CMA estimates. Again, the ITC and CMA totals are based on
recent production trends and are derived in Appendix A. The report-
ing country estimate is 23 percent smaller than the adjusted CMA fig-
ure, whereas the U.S. estimate is about 31 percent lower than the
adjusted ITC estimate. Comparison of specific product areas again
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reveals the Rand estimate to be much smaller than the CMA estimate
for refrigeration categories: We estimate only 98,000 mt in the report-
ing countries in comparison to 188,000 mt reported by CMA, a differ-
ence of 90,000 mt or 48 percent.

The Rand aerosol estimate of 115,600 mt is slightly lower than the
CMA figure of 121,300. The Rand foam production estimate is also
somewhat lower than the CMA estimate, 42,800 versus 49,200 mt,? but
the miscellaneous use estimates are very close.

The difference between the adjusted CMA total and the Rand
reporting country estimate is 83,000 mt. The difference in the U.S.
estimates is 42,000 mt, again about half the difference in the reporting
country estimates.

Table B.2
COMPARISON OF ESTIMATED 1985 CFC-12 USE
(In mt)
Total Reporting
United States Countries
Application Rand ITC Rand CMA

Aerosol 5,700 na 115,600 121,300
Blowing agent

Closed cell 14,900 na 42,800 30,700

Open cell —_ — — 18,500

Total 14,900 42,800 49,200
Refrigeration and

air conditioning

Mobile air conditioning 50,400 na 73,400 na

Retail food 4,800 na 9,700 na

Centrifugal chillers 1,600 na 3,700 na

Reciprocating chillers 300 na 1,300 na

Home appliances 2,400 na 10,200 na

Total 59,500 — 98,300 187,500
Miscellaneous 12,700 na 25,400 24,100
Total 92,800 135,000* 282,100 365,000"

*Estimated 1985 use is derived in Appendix A. The CMA
reported applications total 382,100 mt.

2Note the difference in classification of foam production. Rand attributes all CFC-12
use to closed-cell foams and CMA attributes part to open-cell foams.



COMPARISON WITH EARLIER RAND WORK

In Table B.3 we compare the Rand 1985 U.S. CFC-11 and CFC-12
nonaerosol use estimates with the 1976 estimates of Palmer et al.
(1980). Between 1976 and 1985 these applications grew at estimated
average annual rates of 5.3 percent for CFC-11 and 2.3 percent for
CFC-12.

Most of the CFC-11 growth is attributable to insulating (closed-cell)
foams. In flexible (open-cell) foam applications CFC-11 use declined
slightly reflecting an increase in the use of methylene chloride.
Estimated use of CFC-11 in chillers increased slightly and the amount
going to other applications remained approximately constant.

In the United States most CFC-12 is used in refrigeration and air
conditioning applications. Between 1976 and 1985 estimated use in
each of these decreased or remained constant, except for mobile air
conditioning where the increased number of air conditioned vehicles
more than offset the declining average charge. Estimated use in chill-
ers declined slightly, reflecting lower leakage and servicing rates in
reciprocating chillers. Estimated retail food use remained approxima-
tely constant, whereas CFC-12 use in home appliances declined

Table B.3

COMPARISON OF RAND ESTIMATES OF 1976 AND 1985
U.S. NONAEROSOL CFC-11 AND CFC-12 USE

(In mt)
CFC-11 CFC-12
Application 1976 1985 1976 1985

Blowing agent

Closed cell 16,783 38,300 10,433 14,900

Open cell 15,422 14,800 — —
Refrigeration and

air conditioning

Mobile air conditioning — — 40,733 50,400

Retail food — — 4,822 4,800

Chiliers* 3,674 4,400 2,227 1,900

Home appliances — — 2,841 2,400
Miscellaneous 450 450 10,049 12,700
Total 36,329 57,950 71,1056 87,100

SOURCE: 1976 estimates from Palmer et al. (1980).
*Centrifugal and reciprocating chillers combined.
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somewhat because of a reduction in the average initial charge. In con-
trast, CFC-12 use in closed-cell foam (polystyrene sheet and board) and
other uses increased substantially.

The estimates for CFC-11 and CFC-12 use in 1976 are 8,600 and
14,600 mt smaller than production reported by the U.S. ITC. In con-
trast, the current estimates are 13,250 and 42,200 mt short, indicating
a growth in unidentified uses, especially of CFC-12.° In the next sec-
tion we attempt to identify other product areas where the CFCs might
be used.

COMPARISON WITH DUPONT ESTIMATES

Table B.4 compares 1976 CFC-11 and CFC-12 use as estimated by
Rand (Palmer et al.,, 1980) and by DuPont (1978). The DuPont esti-
mates for each product area include all CFCs used for that purpose,
making comparison of use by chemical difficult. For example, the total
for food processing and handling includes use of CFC-12, CFC-22, and
CFC-502. However, by making some simple assumptions we can
obtain some insight into the composition of our unallocated uses. Our
estimates of the likely uses included in our unallocated sector are sum-
marized in Table B.5.

The Rand and DuPont estimates of CFC use as a foam blowing
agent are similar. In flexible foams, Rand’s estimate of CFC-11 use
exceeds DuPont’s by about 3,000 mt. In rigid foams, the comparison is
complicated by the use of both CFC-11 and CFC-12. The Rand total
of CFC-11 and CFC-12, 27,200 mt, is about 1,000 mt smaller than the
DuPont total for rigid polyurethane and polystyrene foams, 28,350 mt.
However, DuPont reports an additional 2,000 mt of CFCs used in other
foam, most of which is probably CFC-11 and CFC-12. Thus DuPont
estimates greater use in rigid foam and smaller use in flexible foam
than Rand, but the total foam blowing estimates are very close.

The major differences are in the refrigeration and air conditioning
categories, especially in air conditioning and in food processing and
handling. The estimates for air conditioning, including mobile air con-
ditioning and chillers, differ by about 18,200 mt (after combining the
Rand CFC-11 and CFC-12 estimates). As indicated in note b to Table
B.4, we have all ready subtracted Rand estimates of the CFC-500 and
some of the CFC-22 included in the DuPont figure. Most of the

3Part of the difference between the estimates of unallocated uses in 1976 and 1985 is
attributable to differences in accounting procedures: Palmer et al. (1980) explicitly
accounted for exports, intermediate use, and storage, packaging, and transport losses
from the unallocated uses.
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Table B.4

COMPARISON OF RAND AND DUPONT ESTIMATES OF
U.S. 1976 NONAEROSOL CFC-11 AND CFC-12 USE

(In mt)
Rand DuPont
Application CFC-11 CFC-12 Quantity CFCs
Blowing agent
Flexible foams 15,422 — 12,202 11
Rigid foams
Polyurethane 20,094 11, 12
Polystyrene 8,255 12
Other 2,041 11, 12,
113, 114, 115
Total 16,783 10,433 30,390 11, 12,
113, 114, 115
Refrigeration and
air conditioning
Air conditioning 3,674 42,960° 64,819° 11, 12, 22
Food processing
and handling —_— 4,822 33,112° 12, 22, 502
Refrigerators and
freezers — 2,841 3,130 12
Small appliances — — 1,270 12
Industrial process
refrigeration — - 2,087 12, 22
Miscellaneous — — 907 12
Miscellaneous uses
Liquid fast freezing — 2,722 2,722 12
Sterilants — 5,897 5,897 12
Other 450 1,430 — —
Total 36,329 71,105 184,296 All CFCs

SOURCES: DuPont (1978), Palmer et al. (1980).
*Includes CFC-12 in centrifugal and reciprocating chillers and

mobile air conditioning.

"DuPont estimate less estimated 635 mt of CFC-500 in chillers
(Palmer et al., 1980, p. 147) and 1,361, 20,865, and 13,154 mt of
CFC-22 used in in chillers, home, and supermarket air conditioning,
respectively (Palmer et al., 1980, p. 35).

‘DuPont estimate less estimated 4,763 mt of CFC-502 and 680 mt
of CFC-22 used in retail food applications (Palmer et al., 1980, p.

178).
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Table B.5

ESTIMATED SHORTFALL IN RAND 1976
ESTIMATES OF U.S. CFC-11 AND CFC-12
USE COMPARED WITH DUPONT ESTIMATES

(In mt)
Shortfall

Application CFC-11 CFC-12
Air conditioning 9,100 —
Food processing and handling — 14,150
Refrigerators and freezers — 300
Small appliances —_ 1,270
Miscellaneous — 907
Industrial process refrigeration — 1,044
Total 9,100 16,671

remaining difference is likely to be CFC-11 and CFC-22. If we arbi-
trarily assume that half is CFC-11 the estimated Rand shortfall in this
category is 9,100 mt.

In food processing and handling, Rand analyzed only retail food
store refrigeration systems. As indicated in note ¢ of Table B.4, we
have subtracted Rand estimates of CFC-22 and CFC-502 used in retail
food store applications from the DuPont figure. We do not know
whether this accounts for all the CFC-22 and CFC-502 included in this
category. Even after this adjustment, the DuPont figure exceeds the
Rand estimate by 28,300 mt. If we arbitrarily assume that CFC-12
represents half of this difference (the same share as its share of retail
food store refrigeration applications), then Rand’s estimate of CFC-12
use in food handling and processing is estimated as 14,150 mt too low.

DuPont’s estimate of CFC-12 use in home refrigerators and freezers
exceeds the Rand estimate by about 300 mt. Dupont reports additional
CFC-12 use of 1,270 mt of CFC-12 in small applicances and 907 mt in
miscellaneous refrigeration applications, categories that Rand did not
analyze. DuPont also reports 2,087 mt of CFC-12 and CFC-22 used in
industrial process refrigeration. If we arbitrarily assume that half this
amount is CFC-12, the implied Rand shortfall is 1,044 mt in this
category.

Table B.5 summarizes the differences as estimated above. To sum-
marize, comparison with the DuPont estimates suggests that about
9,000 mt of CFC-11 not accounted for by Rand is probably used in air
conditioning. This figure is very close to the 8,600 mt difference
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between the Rand estimate and the ITC total. In addition, some
17,000 mt of CFC-12 not accounted for by Rand may be used primarily
in food processing and handling. Again, this estimate is close to the
14,500 mt difference between the Rand and ITC totals estimates.

SUMMARY OF COMPARISONS

Rand estimates of CFC-11 and CFC-12 use in the United States and
reporting countries are smaller than ITC and CMA reported produc-
tion levels. The CFC-11 estimates are 13,000 mt lower for the United
States, and 23,000 mt lower for the reporting countries. Estimated
CFC-12 use is 42,000 mt lower for the United States and 83,000 mt
lower in the reporting countries. Thus, about half the reporting coun-
try use of each CFC that we do not account for apparently occurs in
the United States. In contrast, estimated total CFC-11 use in the
United States is about 25 percent, and CFC-12 use about 37 percent, of
the estimated reporting country totals.

Comparison of our estimates by application suggests that much of
the shortfall, particularly of CFC-12, is in refrigeration and air condi-
tioning applications. For the reporting countries, comparison with
CMA estimates suggests that our estimates fail to account for 17,000
mt of CFC-11 in miscellaneous applications and for 14,000 mt of CFC-
11 and 98,000 mt of CFC-12 used as refrigerants. Comparison with
estimates for the EEC and some other reporting countries recently fur-
nished by the European Fluorocarbon Technical Committee (EFCTC,
1985) supports this conclusion.

For the United States, Rand’s current estimates are consistent with
its estimates for 1976 but the current estimates account for a smaller
share of total U.S. use (based on ITC production reports), suggesting
that use in other applications has grown. Comparison of the Rand
1976 U.S. data with DuPont estimates for the same year suggests that
the Rand estimates fail to account for about 9,000 mt of CFC-11 used
in air conditioning and 17,000 mt of CFC-12 used primarily in food
processing and handling refrigeration applications.



Appendix C

DERIVATION OF SUBJECTIVE
CREDIBILITY INTERVALS

The ranges of uncertainty for projected chemical use and for each of
the three levels of uncertainty described in Sec. II can be interpreted as
subjective 80 percent credibility intervals. When one must act in the
face of uncertainty about future outcomes that will affect the desirabil-
ity of the chosen action, a long line of analytic work recommends the
use of subjective probability distributions for the relevant outcome.!
We choose to present 80 percent credibility intervals, rather than the
more conventional 90 or 95 percent levels, because experimental evi-
dence shows'that people are often poor at thinking about small proba-
bilities.? Using 80 percent credibility intervals should enable us to
assess the ranges, and readers to interpret them, more accurately.

The subjective credibility intervals for chemical use are derived from
the intervals corresponding to each level of uncertainty. The procedure
is exact if the subjective probability distributions for each level of
uncertainty are log-normal. If not, it at least provides a useful heuris-
tic for calculating the credibility intervals.

To calculate the subjective credibility interval for chemical use we
posit a random variable associated with each level of uncertainty that
is multiplied by the base projected use. These random variables are
assumed to be log-normally distributed with the median equal to one.
This assumption implies that the probability that the outcome variable
is more than Z times the projected level is equal to the probability that
it is less than 1/Z times the projected level. For example, actual GNP
is as likely to be more than 1.5 times the projected level as it is to be
less than two-thirds of that level. For projecting future chemical pro-

ISee Raiffa (1968) for a very clear description of the principles and a historical over-
view.

2For an extensive reporting of the experimental evidence on common difficulties in
evaluating probabilities see Kahneman, Slovic, and Tversky (1982). The work reported
there suggests that most people overestimate their ability to predict random variables,
especially when attempting to use high credibility-level intervals. When assessing subjec-
tive 90 or 99 percent credibility regions, the random variable falls outside the region far
more often than the theoretical 10 or 1 percent of cases.

1N
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duction the log-normal distribution provides a close approximation to
most of our subjective probability distributions.?

The random variable describing the uncertainty about total chemical
use is the product of the random variables corresponding to each level
of uncertainty. Since the random variables are independent (by con-
struction) and the median of each factor is one, the base projections
reported in the text constitute the median of the subjective credibility
intervals. If, as we assume, each of the components is distributed log-
normally then so is final chemical use. Moreover, the parameters of
the distribution of chemical use can be readily obtained from the
parameters of the distribution functions of the component random
variables, which can in turn be derived from the subjective credibility
intervals. Hence, it is a simple procedure to calculate a credibility
interval for chemical use from the subjective credibility intervals for
each level of uncertainty.*

If one is unwilling to characterize his subjective uncertainty about
one or more of the random variables describing each level of uncer-
tainty as approximately log-normal, an alternative procedure can be
used. However, it does not provide an exact probability for the result-
ing credibility interval, and the bounds on that probability may be
unhelpfully wide. The procedure is to calculate the range of possible
values for chemical use obtained by setting all components at the limits
of their respective credibility intervals. For example, assume that we
believe an 80 percent credibility interval for GNP in 2000 ranges from
0.80 to 1.25 times the projected base value. Similarly, we believe that
the 80 percent credibility interval for final product use, conditional on
GNP, ranges between 0.67 and 1.50 times the projected use, and that
the 80 percent credibility interval for use of chemical Y per unit of
final product ranges from 0.50 to 2.00 times the projected use. The
alternative credibility interval for final use of chemical Y is from 0.27
(= 0.80 x 0.67 x 0.50) to 3.75 (= 1.256 x 1.50 x 2.00) times projected
use. The probability that this interval includes the actual use is at

3The ranges reported in the text are consistent with log-normal distributions in
almost all of the cases. For a few minor CFC-11 and CFC-12 applications the ranges are
not geometrically symmetric about the base projections. To calculate the ranges for total
CFC-11 and CFC-12 use we adjust the base projections for these applications to obtain
the required symmetry.

4If the distribution of X is log-normal it can béa characterized by two parameters: pu,
the expected value of the logarithm of X, and ¢, the variance of the logarithm of X.
These parameters can be derived from the subjective credibility interval using a table of
the normal distribution function. The parameters of the distribution of chemical use are
simply the sum of the corresponding parameters of the distributions of each of its com-
ponents, and a credibility region for any chosen significance level can be derived with
reference to the tabulated normal distribution function.



103

least 0.51 (= 0.8%) and no more than 0.99 (=1-(@1 - 0.8?%.% In con-
trast, if these distributions are log-normal the calculated credibility
interval would include actual chemical use with probability 0.96, and
an 80 percent credibility interval would range from 0.43 to 2.30 times
the base projected use.

5In general, if the n component credibility intervals have probability levels p;, i =
1,2, ... ,n, then the probability associated with the aggregate credibility limit will be at
least IT p; and at most 1 - IT (1 - p;) (assuming the component random variables are
independent, as here).
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