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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 stratos-
pheric ozone, thereby increasing ultraviolet radiation with its concomi-
tant 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.

o K. A. Wolf, Regulating Chlorofluorocarbon Emissions: Effects on
Chemical Production, N-1483-EPA, August 1980.
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A. R. Palmer and T. H. Quinn, Economic Impact Assessment of
a Chlorofluorocarbon Production Cap, N-1656-EPA, February
1981.

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

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

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.

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.

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.

J. K. Hammitt, K. A. Wolf, F. Camm, W. E. Mooz, T. H.
Quinn, and A. Bamezai, Product Uses and Market Trends for
Potential Ozone-Depleting Substances: 1985-2000, R-3386-EPA,
May 1986.

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



SUMMARY

Over the last decade, atmospheric models have suggested that emis-
sions of a class of chemicals known as chlorofluorocarbons (CFCs) pose
a potential threat to the integrity of the stratospheric ozone layer,
which protects the surface of the earth from harmful ultraviolet radia-
tion. The models suggest that as cumulative emissions of CFCs grow,
the potential for damage to the ozone layer, increased ultraviolent radi-
ation, and attendant negative effects on human health and other activi-
ties also grows. But cumulative emissions can grow only if the supply
of these chemicals is not constrained. Observers have suggested a wide
range of potential supply constraints, two of which could have a signifi-
cant effect on long-run cumulative emissions:

¢ Regulation-induced disincentives to invest in new CFC produc-
tion capacity; and

e Natural limits on the economic availability of the fluorine used
to manufacture CFCs.

This report examines the likely importance of these two constraints.
To do so, it focuses on the two CFCs with the greatest potential to
deplete stratospheric ozone, CFC-11 and CFC-12. Other CFCs are
either expected to be produced in insufficient amounts to be of equal
concern, or their ozone depletion potential is sufficiently less that even
though large amounts are produced, the potential effects on the ozone
are small.

Current global production capacity for CFC-11 and -12 stands at
about 1,240,000 metric tons (mt) and the capacity in the EEC and
Japan is capped. If no new production capacity is added, production in
Japan will likely become constrained in the next year or so, production
in the rest of the world outside the European Economic Community
will become constrained by 1995, and world production as a whole will
become constrained by 2000. If no new production capacity were added
in those parts of the world where production is not capped, these con-
straints would significantly slow the cumulative growth of CFC-11 and
-12 in the atmosphere and would reduce their threat to the strato-
spheric ozone. Many observers believe that, because these plant own-
ers also face potential regulation to restrict future production, they will
in fact be reluctant to invest in new capacity. We examined this issue
in two ways.
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First, we examined the economics of adding capacity. Potential new
regulation can affect project economics by shortening the period of
time in which investment costs can be recovered. Production of CFC-
11 and -12 is not capital intensive; the share of capital costs in total
costs is only about 15 to 30 percent. As a result, small increases in
CFC prices significantly shorten the period required to recover costs.
If firms in fact refused to make new investments, the world prices of
CFC-11 and -12 would grow to curb growing demand and shorten the
period required to recover costs before potential new regulations
became fully binding. Hence, even if this constraint were binding in
the short run, long-term growth in demand would fairly quickly drive
prices high enough to overcome the reluctance to invest.!

Second, we examined how U.S. chemical companies have reacted in
the past to specific threats of potential regulation. Where substitutes
for the chemical to be regulated were readily available, potential regula-
tion inhibited new investment and in fact led companies to close exist-
ing plants. Where substitutes were not readily available, potential
regulation had less effect. This is consistent with the findings above,
since prices are more likely to rise without new investment if no good
substitutes are available for chemicals. Chemical companies also
appear to have reacted to potential regulation much more negatively as
the certainty of regulation grew. Great uncertainty remains about
future regulation of CFC-11 and -12. As a result, we expect producers
to add new CFC-11 and -12 capacity in the near future despite their
current protests about potential regulation.

The other potential constraint on future production of CFCs is a
natural limit on the availability of the raw materials required to pro-
duce them. Fluorine sources are the only raw materials for which such
a limit seems possible in the next century. The preferred source of
fluorine today is fluorspar. Current reserves of fluorspar are sufficient
to serve expected cumulative demand—generated by CFC production
and a number of other activities—between now and 2030. Other
resources of fluorspar that are now uneconomic, together with known
deposits of a less desirable fluorine source, phosphate rock, can serve
additional expected cumulative demand between 2030 and 2060. The
current reserve base is so large relative to current production flows that
fluorspar producers have little incentive to explore for additional
deposits at this time. Nonetheless, U.S. government geologists believe
that the underlying fluorine resource is much larger than the current

!Palmer et al. (1980) suggest that price increases in this range would reduce demand
by 10 percent or less. The difficulty of locating satisfactory substitutes for CFCs and
their very low contribution to final product prices make price increases in the range sug-
gested a certainty.
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reserve base would indicate. As the reserve base is drawn down,
exploration is likely to increase and additional sources will be identi-
fied. If the reserve base ever shrinks relative to annual production, the
price of fluorspar is likely to rise. This will add an important incentive
for additional exploration and development. But because fluorspar
accounts for such a small share of the cost of producing CFCs, it will
have little effect on CFC prices. Further, the price-responsiveness of
demand for CFC-11 and -12 is low in most uses. Hence, global growth
in demand for these chemicals is unlikely to be much affected by such
increases in the price of fluorine sources.

On balance, our results indicate that regulation-induced disincen-
tives to invest and natural limits on fluorine sources should not impede
continued production of CFC-11 and -12. Producers in countries where
production is not already capped are likely to invest in new capacity to
satisfy growing demand despite the possibility of future regulation.
Current fluorine sources will be adequate for many decades and addi-
tional resources are likely to become available in the distant future.
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I. INTRODUCTION

Since the early 1970s scientists have been concerned that certain
synthetic chemicals may migrate to the stratosphere where they react
with and deplete the blanket of ozone that shields the earth from
harmful ultraviolet radiation. One of the principal classes of chemical
thought to be involved in these stratospheric reactions is chlorofluoro-
carbons (CFCs). The major CFCs—CFC-11 and CFC-12—are used
widely in modern society, in refrigeration, air conditioning, insulation,
cushioning foam, and a range of miscellaneous applications.!

The production and use of CFC-11 and CFC-12 are increasing.
Thus, as scientists attempt to resolve the uncertainties that exist con-
cerning the effect of CFCs on the stratosphere, society continues to use
ever greater amounts of them. If CFCs contribute to ozone depletion,
then obviously the depletion is more likely to occur if CFC emissions
grow than if they do not.

Some observers have suggested that certain constraints will prevent
the production of enough CFC to cause ozone damage. Two con-
straints are potentially important: One could result if CFC producers in
those countries where the capacity is not already capped prove unwill-
ing to add new production capacity in the face of potential regulation.
Regulations forbidding the use of CFC in most aerosol applications
caused several U.S. producers to close plants, and producers in some
currently unregulated countries have stated that they would be unwill-
ing to invest in new capacity if the threat of further regulation persists.

A second constraint relates to the continued availability of low-cost
fluorspar, which is the mineral from which the fluorine required to
make CFC originates. Various projections of fluorine availability have
been compared with projections of CFC demand, and some analyses
have shown that if the amount of CFC is not limited by production
capacity limits, it certainly will be limited by fluorspar availability.

Although these are the two most frequently mentioned constraints,
others could be encountered as well, ranging from the availability of
nonfluorine raw materials to the availability of capital to build plants.

This report examines evidence regarding these constraints which
might limit the amount of CFC that could be produced and emitted.
We do this by examining nonpolicy-induced supply constraints that
might occur as the global demand for CFCs increases, focusing on the
production capacity and fluorine resource constraints discussed above.

IThe chemical names for CFC-11 and CFC-12 are trichlorofluoromethane and
dichlorodifluoromethane, respectively.



We examine a number of factors related to production capacity.
Exjsting production capacity is spread over many plants, located in
various countries. Most plants operate now at less than their max-
imum capability, but as the demand for CFC increases in the future,
individual plants will reach their maximum capacity. Production
capacity can be increased in several ways at individual plants. Some
increases can be achieved by “debottlenecking” the plant, and addi-
tional increases can be achieved by adding new capacity. Decisions on
whether and how to increase capacity hinge on the perceived return on
investment, the availability of capital in the face of competition from
other investment opportunities, and the perceived risk of the invest-
ment. The risk, in turn, depends on the CFC manufacturers’ assess-
ment of the likelihood of governmental regulation. We examine each
of these factors and we analyze the likely industry reaction to a precip-
itous ban on CFC production. We assumed that the technological
know-how to design, build, and operate CFC and CFC precursor chemi-
cal plants, and the labor skills that are required, were not a limiting
factor.

The second class of constraint concerns the availability of suitable
raw materials at reasonable prices. The raw materials have their ori-
gins in naturally occurring minerals, and as the low-cost deposits of
these are exhausted, other deposits must be sought at higher prices.
We will examine which raw materials are likely to become limited in
supply, and when this might happen.

In Sec. II, we first describe the CFC use and emissions processes and
present historical production data and an estimate of future production
on which we base the later analysis. We then discuss the CFC and
precursor chemical production processes and present our estimates of
current world CFC capacity.

In Sec. III, we analyze the physical constraints that producers face
as CFC production requirements increase. These include capacity lim-
its on CFCs and their precursor chemicals and diminishing raw
material supplies.

In Sec. IV, we analyze the behavioral aspects of producers—their
willingness to invest in new plant capacity when the future regulatory
status of the chemicals they produce is questionable.

In the last section, Sec. V, we summarize our results.



II. CFC BACKGROUND INFORMATION

In this section we describe the ways in which CFC-11 and CFC-12
are used, and how emissions occur. We discuss the historical growth of
CFC use, and select a projection of CFC production that will be used to
analyze the various constraints on production. We then examine the
production technology of CFCs and their precursor chemicals, which
dates back to the 1930s. Finally, we estimate present world production
capacity of these two major CFCs.

CFC USE AND EMISSIONS

CFC-11 and -12 are used to manufacture a wide variety of useful
products because they possess many highly desirable, yet very different
characteristics. Because of their chemical stability and good thermo-
dynamic properties, these CFCs are used as the refrigerant fluid in
refrigeration and air conditioning equipment, including household
refrigerators. Open cell flexible urethane foams are manufactured
using CFC-11, which has a boiling point and latent heat of vaporiza-
tion that are ideal for producing the bubbles that make the foam.
These foams are used in furniture, bedding, automobile seats, and
clothing.

Closed cell foams are also manufactured using CFC. In these foams,
the CFC not only forms the cells, relying on the boiling point and
latent heat characteristics described above, but is also trapped pur-
posefully in the cells, where the high molecular weight of the CFC, and
its low boiling point, allow it to be a highly effective thermal insulator.
The resulting product is used to insulate buildings.

The stability, low toxicity, solvent properties, and boiling point of
these CFCs make them ideal for use as an aerosol propellant. They are
chemically compatible with products ranging from deodorants to oven
cleaners, and their mutual solvency with these products assures fine,
even spray characteristics.

CFC-12 is the nonflammable diluent in a gas used to sterilize hospi-
tal instruments. It is also the refrigerant in a process where vegetables
are quick-frozen.

Because of its specific gravity, CFC-11 has been used to separate
sulfur from coal, and because of its solvent powers, it is used for cer-
tain kinds of cleaning.



The descriptions above are exemplary and serve to illustrate why
these chemicals are so useful. Recent usage is detailed in Table 1.

Other CFCs, notably CFC-22, -113, and -114, are manufactured in
smaller quantities than CFC-11 and CFC-12, have different physical
and chemical characteristics, and different ozone depletion potential.
They are generally not substitutes for CFC-11 and -12 and are not dis-
cussed in any detail in this report because they are presently less
important to the ozone question.

The emissions pattern of CFCs depends upon their use. In some
uses, such as aerosol propellants and the manufacture of flexible
urethane foams, emissions are prompt, usually occurring in the same
year the CFC is manufactured. In other uses, emissions are more com-
plex. In mobile air conditioners, for example, CFCs are emitted during
manufacture, during use, and when the unit is eventually disposed of.
Virtually all CFCs are eventually emitted, and, consequently, it is con-
venient for this analysis to focus on CFC production, without regard to
its end use.

HISTORICAL CFC PRODUCTION

Figure 1 illustrates the rate of production of CFC-11 and -12 from
1960 to 1982 for the world as a whole, and from 1960 to 1984 for those
companies who report to the Fluorocarbon Program Panel (FPP) of the
Chemical Manufacturers Association (CMA). These companies
account for the entire world’s CFC production with the exception of
that in the USSR, the Eastern bloc countries, and mainland China.
Data for total global production are not included for 1983 and 1984
because the USSR did not publish data after 1975, and the CMA pro-
jected estimates of Soviet production only through 1982. At that point
the reliability of further estimates was felt to be questionable, and the
CMA ceased including them.

Table 1

NON-COMMUNIST COUNTRIES’ USE OF CFC-11 AND
CFC-12 IN 1984

(In mt)

Refrig. and Closed Cell Open Cell  Aerosol All

Chemical Air Cond. Foam Foam Propellant Other Total
CFC-11 23,915 110,638 63,294 97,524 16,984 312,355
CFC-12 187,524 30,669 18,547 121,310 24,057 382,107

SOURCE: CMA (1985).
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From 1960 to 1974, the use of these chemicals grew rapidly. From
1975 until 1982, regulatory and economic circumstances caused produc-
tion to fall. About 220,000 fewer metric tons (mt) of CFC-11 and -12
were produced as a result of the U.S. ban on these chemicals as aerosol
propellants, because of changes in the use of CFCs as propellants in
other countries, and because world economic conditions in 1973/74 and
1981/82 depressed the production output of all chemicals. Healthy
growth occurred from 1982 to 1984.

CFC PRODUCTION PROJECTIONS

To discuss the implications of physical constraints on CFC produc-
tion, we need some idea of what future levels of production are likely to
be. The annual CFC production level required to meet the demand will
dictate whether CFC capacity is sufficient, and cumulative CFC pro-
duction over time will mandate whether raw material resources are
adequate.

In Table 2, we show one possible future CFC scenario. It displays
current and projected CFC-11 and CFC-12 production by region as it
might exist to meet demand in the absence of any regulations. These
data were taken from Quinn et al. (1986) and the methods used to’
derive the projections are explained there. We use the values of Table
2 in subsequent sections as a basis for the discussion on the timing of
potential capacity and raw material constraints.!

CFC PRODUCTION PROCESS

The primary commercial U.S. production process for manufacturing
CFC-11 and CFC-12 is a liquid phase reaction of carbon tetrachloride
(CCI4) and anhydrous hydrogen fluoride (HF). At one time, some
domestic producers employed a higher temperature vapor phase pro-
cess, which was subject to overfluorination yielding CFC-13. Some
CFC-11 and -12 plants can produce other major CFCs, including CFC-
22, or CFC-113 and CFC-114, by varying the feedstocks. Our discus-
sion focuses on the general characteristics of the U.S. production pro-
cess, which may vary somewhat by producer. We have little informa-
tion on production processes elsewhere, but we do presume that the
standard technology production processes of the United States are mir-
rored in the rest of the world.

IThe selection of this particular scenario does not imply that we believe that it will
represent the future. It is illustrative only, and readers who prefer a different scenario
are invited to substitute it in the analysis that follows.



Table 2

CFC-11 AND CFC-12 PRODUCTION PROJECTIONS, BY REGION
(In thousands of mt)

Rest of Total Cumulative®
Year U.S. EEC® World World World

CFC-11
1985 95.7 131.6 157.6 384.9 384.9
1990 135.5 165.5 205.3 506.3 2,657.2
1995 170.2 199.8 272.1 642.1 5,580.3
2000 213.7 244.2 366.2 824.1 9,315.2
2010 267.6 308.6 527.9 1,104.1 19,015.5
2020 3109 363.1 692.1 1,366.1 31,440.0
2030 361.3 425.7 881.0 1,668.0 46,749.0
2040 420.1 496.9 1,109.8 2,026.8 65,318.4
2050 488.5 580.2 1,402.9 2,471.6 87,963.4
2060 566.9 665.3 1,676.8 2,909.0 115,018.4
2070 657.9 764.1 1,962.7 3,384.7 146,663.3
2075 708.7 819.3 2,113.8 3,641.8 160,708.6

CFC-12
1985 153.2 111.9 225.6 490.7 490.7
1990 182.9 119.7 272.7 575.3 3,191.3
1995 209.7 127.8 335.3 672.8 6,352.7
2000 240.4 137.3 414.1 791.8 10,064.1
2010 289.9 155.1 565.3 1,010.3 19,129.0
2020 336.8 172.8 742.0 1,251.6 30,499.6
2030 391.5 193.1 950.4 1,535.0 44,549.7
2040 455.2 216.1 1,210.3 1,881.6 61,720.3
2050 529.2 243.1 1,495.3 2,267.6 82,610.6
2060 614.2 270.7 1,767.0 2,651.9 107,347.6
2070 712.8 302.7 2,059.7 3,075.2 136,141.8
2075 767.9 320.5 2,218.5 3,306.9 148,899.2

SOURCE: Quinn et al. (1986).

2European Economic Community.

bCumulative production in a particular year is equal to the sum of
all previous years’ production, beginning in 1985.

The chemical reactions that occur in the production process are
presented in detail in Appendix A. Briefly, in the reactor or the “front
end” of the plant, CCI4 and HF are reacted together with a catalyst at
a temperature of 80°C. At the “back end” of the plant, the unreacted
inputs are recycled back to the reactor, and the reaction products enter
a column. The by-product HCI is removed and condensed and the
CFC-11 and CFC-12 are distilled and separated.



In addition to the major intermediate precursor chemicals, CCly and
HF, antimony chloride and chlorine are required. Since they perform
only a catalytic function, however, and therefore do not participate
directly in the reaction, only very small amounts are consumed. A
somewhat larger but still relatively small amount of caustic (sodium
hydroxide) is required for neutralization of unreacted acid in the “back
end” of the plant. According to one estimate, total materials costs
represent between about 50 and 75 percent of the net production cost,
depending on the design capacity and the operating rate or utilization
(Farhad and Elkin, 1985b).

Utilities required in the CFC production process include cooling
water, steam, and electricity; their cost amounts to only 3 or 4 percent
of the net production cost. Other costs include labor, which accounts
for between 3 and 10 percent of net production costs, and maintenance
and operating supplies, which together represent 1 or 2 percent of the
net production costs (Farhad and Elkin, 1985b).

In general terms, no advanced technologies or special labor skills are
required in the CFC production process. Maintenance and equipment
replacement are fairly straightforward. Although HF is corrosive, the
anhydrous form used in CFC plants is much less corrosive than the
aqueous form produced in HF plants. The cooling water, steam, and
electricity requirements are modest. :

PRECURSOR CHEMICAL PRODUCTION PROCESSES

Appendix A presents the chemical equations for precursor chemical
production. The intermediate precursor chemical, CCly, is produced in
one of three processes using chlorine and methane (CHy), carbon disul-
fide (CSg), or hydrocarbons with one to three carbon atoms. These
hydrocarbon preliminary precursor chemicals are petroleum based and
the chlorine is derived from brine. The intermediate precursor chemi-
cal, HF, is produced from sulfuric acid and fluorspar, a naturally occur-
ring mineral containing fluorine and calcium. In general, these
processes, like the CFC production process, require no special technolo-
gies, skills, or handling. Only in the case of the HF production process
is special care necessary because of the corrosive nature of the aqueous
products.

Most of the inputs to the intermediate precursor chemical produc-
tion are widely available today. Future availability of the petroleum-
based products will depend on oil prices and the petroleum resource
base. Since the production of CFCs represents such a small proportion
of petroleum use, questions about its future availability are not a



supply issue for consideration here. The oceans are an essentially
infinite source of chlorine, and only small amounts of sulfur are con-
sumed in the CFC production process. The one input that is fre-
quently mentioned as presenting a potential future problem is
fluorspar. In this report, fluorspar is the only substance we identify as
being a possible future supply constraint to CFC production.

WORLD CFC PLANT CAPACITY

In Appendix B, we describe in detail what is presently known about
world CFC capacity. In what follows, we summarize our assumptions
about present capacity levels in three regions: the United States, the
EEC, and the rest of the world.

U.S. CFC Capacity

Most U.S. CFC plants can-produce more than one CFC. Of the five
U.S. producers, all produce CFC-11, CFC-12, and CFC-22, and two pro-
duce CFC-113 and CFC-114. The pair CFC-11 and CFC-12 and the
pair CFC-113 and CFC-114 are coproduced. In general, plants
designed to produce CFC-11/CFC-12 cannot also produce CFC-
113/CFC-114. CFC-22 can be produced in some CFC-11/CFC-12
plants, however, by varying the feedstock. Because of the ability of
some plants to produce CFCs other than CFC-11 and CFC-12, it is
somewhat artificial to assign a portion of capacity to each CFC.
Nevertheless, such an allocation is useful for deriving rough estimates
of the time at which capacity will become insufficient to support pro-
jected production levels.

Published data on U.S. CFC production capacity are available for
1976 (IR&T, 1978), for 1977 (Wolf, 1980), and for 1985 (Farhad and
Elkin, 1985b). The ban on CFC use in aerosol applications led to a
decline in U.S. CFC production capacity of approximately one-third
between 1976 and 1978. In our earlier work we estimated the post-
aerosol ban capacity for each CFC by using IR&T data and informa-
tion from industry sources (Wolf, 1980). Table 3 presents these esti-
mates. The more recent capacity estimates of Farhad and Elkin
(1985b) are presented in Table 4.2 Their data, like those of IR&T, do
not allocate among CFCs. We compare the two sets of data to verify
that the Wolf allocation by CFC still seems reasonable today.

2The Chemical Marketing Reporter in a 1986 capacity allocation (CMR, 1986) esti-
mates present capacity for all CFCs at about 617,000 mt. This slightly exceeds the
Farhad and Elkin estimate in Table 4.
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Table 3

ESTIMATED ANNUAL POST-AEROSOL-BAN
CFC PRODUCTION CAPACITY

(In thousands of mt)

Producer CFC-11 CFC-12 CFC-22 CFC-113 CFC-114 Total

Allied 25 41 20 17 6 109
DuPont 64 108 54 35 10 271
Kaiser 10 17 9 — — 36
Pennwalt 12 20 10 — — 42
Racon® 3 9 11 — — 23
Total 114 195 104 52 16 481

SOURCE: Wolf (1980).
“Later part of Essex.

A comparison of the values of Tables 3 and 4 illustrates that
between 1977 and 1985 Allied capacity increased by 41,000 mt; DuPont
capacity increased by 24,000 mt; Essex (Racon) capacity increased by
16,000 mt; and Pennwalt capacity -increased by 12,000 mt. The total
capacity increase amounted to 93,000 mt.

In 1984, U.S. production of CFC-11, CFC-12, and CFC-22 totaled
84,000, 154,000, and 116,000 mt, respectively (U.S. ITC, 1984). We
estimate that 1984 production of CFC-113 and CFC-114 amounted to
about 68,000 and 9,000 mt, respectively. Production of CFC-11 and
CFC-12 for 1984 required 74 and 79 percent of the capacity that was in
place in 1977.

Table 4

RECENT ANNUAL CFC PRODUCTION
CAPACITY ESTIMATES,
UNITED STATES

(In thousands of mt)

Firm Capacity
Allied 150
DuPont 295
Essex (Racon) 39
Kaiser 36
Pennwalt 54
Total 574

SOURCE: Farhad and Elkin (1985b).
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We also observe that the 1984 CFC-22, CFC-113, and CFC-114 pro-
duction levels exceed 1977 capacity. In 1984, combined production of
the three CFCs totaled 193,000 mt. The 1977 combined capacity esti-
mate of 172,000 mt falls short of this value. If we assume that the
additional 93,000 mt of capacity added between 1977 and 1984 was for
CFC-22 and CFC-113/CFC-114 production, the 1984 utilization rate
amounted to 73 percent. This value does not differ significantly from
the CFC-11 and CFC-12 respective utilization rates of 74 and 79 per-
cent. This suggests that the capacity added since 1977 should be allo-
cated to CFC-22, CFC-113, and CFC-114 rather than to CFC-11 and
CFC-12.

This method of allocation of the recent data appears to us to be rea-
sonable. We, therefore, assume that the 1977 estimates of CFC-
11/CFC-12 capacity are still accurate and that present combined capac-
ity for the two CFCs is about 309,000 mt.

EEC CFC Capacity

An EEC agreement specifies that EEC CFC-11/CFC-12 capacity will
be capped at 480,000 mt. One source estimates 1985 EEC CFC-11 and
CFC-12 production at about 132,000 and 112,000 mt, respectively
(Quinn et al., 1986). Combined production, 244,000 mt, is only 51 per-
cent of capacity at the production cap level. Although this is much
lower than the U.S. utilization of 77 percent, it is not unexpected. The
United States reduced CFC-11 and CFC-12 capacity significantly in
anticipation of the aerosol ban. The EEC made no such reduction and
there may simply be a capacity excess for present production require-
ments.

Alternatively, the low EEC utilization rate may indicate that the
EEC capacity cap was set at a level that significantly exceeds present
design capacity levels. As we discuss below, industry sources indicate
that “debottlenecking,” or making the least efficient step in production
more efficient, can increase the design capacity by some 15 percent. If
we assume that the capacity cap allows for this increase, present EEC
design capacity would be about 417,000 mt. This suggests a utilization
rate of 60 percent, still much lower than the U.S. rate but probably a
more reasonable value.

Rest of World CFC Capacity

To estimate the capacity of the rest of the world, we assume a
higher utilization rate of 85 percent. According to Table 2, the 1985
production levels of CFC-11 and CFC-12 are projected at 157,600 and
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225,600 mt, respectively. These data suggest a capacity in the rest of
the world of 451,000 mt.

Total Capacity

Total world CFC-11/CFC-12 capacity is simply the sum of U.S.,
EEC, and the rest of the world capacity—1,240,000 mt.



III. NATURE OF PHYSICAL CONSTRAINTS

In this section, we consider the physical impediments to continued
CFC production. The two major potential constraints include produc-
tion capacity limits and exhaustion of the reserve base of the raw
materials used to produce the CFCs and their precursor chemicals. In
the last section, we estimated present capacity in various regions of the
world. We use those estimates here to consider producer response
when confronted with capacity limitations. We also determined, in
general terms, that raw material requirements for CFC production are
of three types: chlorine, petroleum feedstocks, and fluorspar. Only the
latter may be in short suppy in the future.

In what follows, we first examine how existing production capacity
constrains the global supply for markets for chemicals like CFC-11 and
CFC-12. We then estimate when and where capacity constraints will
bind on this market. Finally, we examine precursor chemical require-
ments and address the question of whether the reserves and reserve
base of fluorspar are sufficient to support future CFC requirements.

CAPACITY CONSTRAINTS IN A GLOBAL MARKET

Suppose that, for whatever reason, producers of CFC-11 and -12 add
no new capacity to that existing today. As demand for these sub-
stances continues to grow, one plant after another will reach its capac-
ity constraint. Reaching such a constraint for an individual plant or
even for a group of plants in a particular part of the world, however, is
unlikely to constrain the supply of these substances until every plant
reaches its production constraint. That is because the market for these
substances is essentially global. Because the cost of transporting them
is low relative to their value and the demand for these substances in
most applications is inelastic, customers can fairly easily overcome
local shortages of capacity by meeting their needs through imports.
Therefore, we need not address the distribution of plants around the
globe or worry about matching capacity to demand regionally when we
discuss a global capacity constraint. Global demand—and demand in
individual regions of the world—can continue to grow more or less
unimpeded until global demand reaches total global capacity, at which
point it can no longer be satisfied.!

This reasoning may not apply to the Soviet bloc countries, which do not always trade
freely with non-Communist countries.

13
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To understand this, consider the following likely chain of events as
global demand continues to grow following decisions to make no new
investments in capacity. Demand will grow in individual markets,
driven by increases in population and in income and as a result of new
ideas about how to employ CFC-11 and -12. Customers will tend to
rely most heavily on the plants closest to them to keep transportation
costs down. Regions with the least surplus capacity or the fastest
growth of demand, like Japan, will reach a point at which customers
can no longer rely on local plants to meet increments in demand.
These customers will seek alternative supply sources that they did not
exploit before because transportation costs made them noncompetitive
with local supply.? But now local supply cannot meet local demand.
Price rises slightly to accommodate new transportation costs and
demand falls marginally in response to this higher price, but the low
elasticity of demand for these substances minimizes the negative effect
of higher prices on demand growth. Imports into the capacity-
constrained area grow over time and local demand continues to grow
more or less unaffected by the change in supply source. As plants in
one region after another reach their supply constraints, a similar shift
in world trade patterns for CFC-11 and -12 occurs and global demand
grows more or less unimpeded.

Only if restrictions are placed on interregional movement of these
substances can local capacity constraints constrain local demand before
a global constraint is reached. For example, individual countries or
groups like the EEC might place restrictions on exports to maintain
local CFC capacity for local use and growth at the expense of foreign
customers. Such export constraints are rare and often hurt the export-
ing country or group more than their target by reducing the total
potential demand for local production. Import restraints are more
common in general. Local producers might favor such constraints to
drive up local prices and increase their net earnings from their
capacity-constrained production. Such producers, however, could not
argue that imports threatened local jobs, the argument most often used
to generate political support for import restriction. The self-interested,
cartelizing effects of an import restraint in these circumstances would
be difficult to hide. As a result, such restraints appear unlikely.

The discussion above implicitly assumes that the production capaci-
ties of individual plants—and hence companies, countries, and
regions—are well defined. In fact, of course, the rated capacity of a
machine or plant generally does not exactly reflect its sustainable

2Customers may also seek substitutes for the CFC, or.substitutes for the products
made with CFC, if there are such choices. For many uses, such as refrigeration, there are
no satisfactory substitutes and a supply of CFC must be found.
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production rate. As output prices rise, it often becomes profitable to
increase the sustainable level of production in a plant. As explained in
the next subsection, opportunities to undertake such actions are lim-
ited in plants that produce CFC-11 and -12. Nonetheless, the actual,
sustainable capacity of individual plants will be somewhat responsive
to price. This responsiveness does not change any of the conclusions
we teached above while implicitly assuming that production capacity
was a fixed number. Higher-cost plants will be the first to lose their
abilities to meet growing demand. But so long as interregional move-
ment of goods is politically feasible, the market for CFCs will maintain
its global character. Global growth in demand will not be seriously
impeded until all of the world’s production plants become fairly
unresponsive to price increases. In the end, that is the true meaning of
reaching a global capacity constraint.

CFC CAPACITY LIMIT

From our limited understanding of the production capacity of indi-
vidual countries or areas, it seems certain that Japan will be the first
country in which the demand for CFC-11 and -12 reaches the produc-
tion capacity (see Appendix B). Published data indicate that the
Japanese were operating close to their capacity in 1985. From this we
can infer that it will be only a few years at most before they are at
their limit at which time they will either expand capacity or increase
imports.

Around 1990, the U.S. CFC-11/CFC-12 design capacity of 309,000
mt will be reached, according to the values of Table 1. In that year,
combined U.S. CFC-11 and CFC-12 production is projected to be
318,400 mt. The data show that the rest of the world will reach its
capacity limit of 451,000 mt at about the same time.? Combined CFC-
11 and CFC-12 production requirements in that region will amount to
478,000 mt in 1990. Unless new capacity is added then, the EEC
should become a net exporter to the other regions by 1990. This will
continue until about 2010, when the surplus EEC capacity will be
exhausted. At that time a global production constraint will apply.

When faced with a capacity limitation, a CFC producer can take a
number of steps to “debottleneck” an existing plant before building a
new one. Such measures are more difficult in a continuous process like
CFC production than in a batch process. In general, a plant has two

3As mentioned above, Japan, which we have classified in the rest of the world, may
have already reached capacity. The same could hold true for other countries in that
category.
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parts: the front end, which contains the reactor, and the back end,
which contains the purification equipment. The capacity of a particu-
lar plant is governed by its least productive piece of equipment, which
may be in the front end or the back end of the plant, or in the piping
systems.

Debottlenecking the front end involves two steps. The first is to
increase the size of the reactor. The second is to facilitate heat
transfer in the reactor. In general, a certain reactor residence time is
necessary for the reaction to occur, but the reaction rate can be
increased by better heat transfer. This can be accomplished by adding
external cooling capacity on the side of the reactor to transfer heat
away in exothermic reactions or by using hot oil or higher-pressure
steam to transfer heat into the reactor in endothermic reactions.*
Implementing such measures simultaneously requires additional agita-
tion in the reactor.

Debottlenecking the back end of the plant involves increasing the
throughput of the recycle/recovery units. In a given plant, there may
be multiple distillation steps. The early ones are commonly gross
separations, and the later ones are generally purifications. The pro-
cessing capability can be increased by adding several additional distilla-
tion units in parallel.

One industry source estimates that these measures together with
some laboratory work and capital can extend the nameplate capacity
by about 15 percent. The inherent limit on such extensions is the pip-
ing, which allows only a certain level of liquid flow. Flexibility can be
designed in at the plant’s inception. For instance, the piping can be
installed so that another reactor or distillation unit could be added
later. According to one industry source, this flexibility can increase the
initial capital cost by 25 percent.

Another type of flexibility involves alternative products. A producer
who anticipates a limited market at the outset can design in the capa-
bility to produce another product. This is most successful if the alter-
native product is identified ahead of time and any characteristics par-
ticular to its production are taken into account in the plant and equip-
ment design. Thus if the demand for the principal product should
decrease, an alternative product can be made.

The CFC producer who is faced with a capacity limitation is likely
to debottleneck an existing plant before making the decision to build a
new plant. Assuming that debottlenecking can extend existing capacity
by 15 percent, world producers could, by this means, delay the capacity

4CFC production requires heat or is endothermic. Some chemical reactions give off
heat or are exothermic.
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constraint. Table 5 presents the design and debottlenecked plant
capacity for the world and the three world regions. Note that we
assume debottlenecking measures cannot increase the nameplate capac-
ity in the EEC. This arises because the capacity cap level probably
already takes into account the additional efficiency actions. Generally,
debottlenecking in the United States and the rest of the world can
delay the capacity constraint only by 5 years.

The values in Table 5 for the world show that a world capacity con-
straint will be reached before 1995. Debottlenecking could extend the
world capacity for a few more years. At that stage, all possible meas-
ures, including international trade, will have been taken, and new
plants will have to be built.

Once debottlenecking has occurred, the producer must decide
whether or not to add capacity. Planning and building a chemical
plant is a significant undertaking. If a firm already owns a site, the
minimum time to build a 10 or 20 million pound plant from the time
the money is allocated is between one year and 18 months. One firm
indicates that its plants must last at least 10 years, the period for capi-
tal depreciation. We explore the issues a producer faces for capacity
addition in more detail in Sec. IV.

PRECURSOR CHEMICAL CAPACITY LIMITS

We have virtually no data on world capacity levels of the precursor
chemicals used in CFC production. We do have some information on
U.S. capacity for the intermediate precursor chemicals CCly and HF.
In 1983, capacity of CCly amounted to 491,000 mt. In 1985, capacity of
HF totaled 266,000 mt.®

Table 5

CFC PRODUCTION CAPACITY LIMITS
(In thousands of mt)

Approx. Debottle- Approx.

Nameplate Year necked Year

Region Capacity Exceeded Capacity Exceeded
United States 309 1990 355 1995
EEC 480 2010 480 2010
Rest of World 451 1990 519 1995
Total 1240 1995 1354 2000

5In the United States there is some degree of vertical integration. DuPont manufac-
tures CCl 4 and HF, and we assume that some other companies, such as ICI, also
manufacture some or all of their precursor chemicals.
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To evaluate whether or not these capacities will be sufficient in the
future, we need to know the precursor chemical requirements for CFC
production. Table 6 gives the input-output factors for CCly and HF.
The factors represent the amount of the intermediate precursor chemi-
cal required (or generated) in the production of one pound of CFC.
They were determined according to the procedures described in Appen-
dix C.

According to an issue of Chemical Marketing Reporter, which allo-
cated 1983 capacity, 83.6 percent of CCly was used in CFC production
(CMR, March 1983). This suggests that 410,000 mt of CCly capacity is
devoted to producing CCly for CFC manufacture. Assuming that this
percentage applies to future production as well, and using the CFC pro-
duction estimates of Table 2 and the CCly factors of Table 6, we calcu-
late that existing domestic CCly capacity should be adequate to serve
domestic demand until sometime after 1990.%

Not all of the HF produced is used in CFC manufacture. One esti-
mate places the fraction allocated to CFCs at 50 percent (U.S. DOI,
1985). This figure probably includes the HF used to produce CFC-22,
CFC-113, and CFC-114 as well as CFC-11 and CFC-12. According to
our estimates of total CFC production,” 147,000 mt of HF were
required for CFC production in 1984. This represents 55 percent of the

Table 6

INPUT-OUTPUT FACTORS FOR INTERMEDIATE
PRECURSOR CHEMICALS

(Pounds input per pound of CFC)

Chemical or

By-Product CFC-11 CFC-12
ccly 1.14 1.30
HF 0.15 0.34
HCPE -0.26 -0.58

*Negative sign reflects a credit.

5The CCl ” production capacity cited here is not devoted to CCl alone. See Eq. (A.6),
for instance, where perchloroethylene, C_Cl , is coproduced. Other products are pro-
duced in the process described by Eq. (A.zﬁ as well. Whether or not CCl, capacity is suf-
ficient at some future time depends upon demand for the coproducts as well as the
demand for CFCs.

"We base this calculation on the assumption that 1984 production of CFC-11, CFC-
12, CFC-22, CFC-113, and CFC-114 was 84,000, 154,000, 116,000, 68,000, and 9,000 mt,
respectively. HF factors, given in Appendix C for each CFC are 0.15, 0.34, 0.48, 0.33,
and 0.48, respectively.
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present stated capacity of 266,000 mt. Because this value exceeds the
41 to 50 percent estimates given above, we suspect that present HF
capacity is already® inadequate.

RAW MATERIALS CONSTRAINTS

Input-output factors for the preliminary precursor chemicals are
presented in Table 7. The values represent the amount of each chemi-
cal required (or generated) in the production of one pound of CFC.
They were determined from the chemical equations of Appendix A
according to the procedure described in Appendix C.

The preliminary precursor chemicals, methane and propylene, are
petroleum-based feedstocks. An analysis of future petroleum supplies
is beyond the scope of this work and other investigators have addressed
the adequacy of future supply in detail. Carbon disulfide contains car-
bon, another petroleum-based substance, and sulfur. When the chemi-
cal is used to make carbon tetrachloride, the sulfur in carbon disulfide
is simply regenerated (note the by-product, sulfur, in Table 7). Since it

Table 7

INPUT-OUTPUT FACTORS FOR PRELIMINARY
PRECURSOR CHEMICALS

(Pounds input per pound of CFC)

Chemical or

By-Product® CFC-11 CFC-12
Methane (CH,) 0.04 0.04
Carbon disulfide (CS,) 0.23 0.26
Propylene 3(CH,) 0.12 0.13
Chlorine (Cly) 2.39 2.73
Fluorspar (CaF,) 0.30 0.69
Sulfuric acid (HySO0y) 0.38 0.87
Perchloroethylene (C,Cl)* -0.38 —0.44
Sulfur (S)° -0.17 -0.20
Hydrogen chloride (HC1)® -0.82 —0.94
Calcium sulfate (CaSO4)b -0.51 -1.16

*Factors were determined according to the 1985
process mix. This inherently assumes the same
future mix and may not be accurate.

Negative sign reflects a credit.

8Additional capacity is available in Canada and Mexico. HF produced there may be
used in domestic CFC production.
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does not become part of the product we are concerned with, there is no
net loss of sulfur.’ In principle, therefore, CFC production requires vir-
tually no net consumption of sulfur.

Other inputs to the CFC process in Table 7 include sulfuric acid and
chlorine. The sulfur contained in sulfuric acid is regenerated in the
reaction with fluorspar to form calcium sulfate. Again, there is no net
consumption of sulfur. The source of chlorine is the electrolysis of
brine, and for practical purposes, we can assume a virtually unlimited
supply of sea water.

The final input in Table 7 is fluorspar, a naturally occurring mineral
that is frequently mentioned as a supply bottleneck to future CFC pro-
duction. Two sources of fluorine are fluorspar and phosphate rock.

Three grades of fluorspar of varying purity are available commerci-
ally. Acid-grade fluorspar, containing at least 97 percent CaFs, is used
to produce HF, which is used in turn to produce synthetic cryolite,
aluminum fluoride, CFCs, and a number of other fluorinated chemicals.
Ceramic-grade fluorspar, containing between 80 and 97 percent CaFs,
is used in the production of glass and enamel. Metallurgical-grade
fluorspar, containing a minimum of 60 percent CaFy, is used as a flux
by the iron and steel industry (U.S. DOI, 1985). More than 90 percent
of the acid-grade fluorspar, some 60 percent of U.S. fluorspar consump-
tion, is used to make HF, and it was already mentioned that CFCs
account for nearly 50 percent of the HF produced domestically.

World fluorspar production has averaged about 4.73 million mt for
the nine years between 1973 and 1981; 1982 and 1983 production was
somewhat lower, at 4.34 and 4.42 million mt, respectively. An addi-
tional source of fluorine is fluosilicic acid produced during the process-
ing of phosphate rock. In 1983, about 61,000 mt of the acid were used
in the United States, 20 percent in the aluminum industry.

FLUORSPAR CONSTRAINTS

In what follows, we take two approaches to analyzing the sufficiency
of fluorspar. First, we compare future CFC fluorspar requirements for
selected years with an estimate of future production likely to be com-
mitted to CFC production. Second, we estimate the fraction of the
fluorspar reserve base devoted to CFC production and pinpoint the
timeframe in which the current reserve base will be depleted.

9Sulfur, in many forms, is commonly recovered from all sorts of processes for reuse.
Indeed, recovered and by-product sulfur satisfied more than half the domestic sulfur
demand in 1983 (Morse, 1983).
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Comparison of Future CFC-Related Demand for Fluorspar with
Total Demand

To assess the adequacy of future supplies of fluorine, we must have
some idea of what total future fluorspar production will be. Leontief et
al. (1983) have developed a set of fluorine demand projections, which
are described in detail in Quinn et al. (1986). Table 8 presents these
data, which we have converted to fluorspar equivalents.!”

In Table 9, we summarize CFC-11 and CFC-12 production require-
ments taken from Table 2. We also include projections for CFC-113,
CFC-22, and CFC-114. The data for CFC-113 were taken from the
Electronics Growth Scenario in Quinn et al. (1986). The CFC-22 pro-
jections assume that 1984 world CFC-22 production amounted to
900,000 mt and that growth will occur at world GNP rates.!’ For
CFC-114, we assume that 1984 world production is 14,000 mt. Again,
we assume growth at the world GNP.

In Table 10, we present the fluorspar requirements for each of the
CFCs in Table 9 and show the percentage of fluorspar production from
Table 8 that each represents.

In all cases, the fluorspar requirements for CFC production account
for between 19 and 23 percent of Leontief’s estimates of total demand
for fluorspar. Requirements for CFC-11 and CFC-12 production range

Table 8

PROJECTION OF TOTAL DEMAND FOR FLUORSPAR
(In thousands of mt)

Pessimistic Nominal Optimistic
Year Assumption Production® Assumption
1990 — 5,070 —
2000 — 7,431° _
2010 8,949 — 10,099
2020 10,817 — 13,363
2030 13,424 — 18,084

*To convert the Quinn et al. (1986) fluorine values to
the figures used here, multiply by 78/38, the ratio of molec-
ular weights of fluorspar and fluorine.

bLeontief's pessimistic and optimistic scenarios coincide
through 2000. We define them as nominal for conveni-
ence.

1OF|yorspar equivalents are defined as 100 percent pure fluorspar, or calcium fluoride.

1For the period 1984 to 1990, this rate is 3.5 percent; for the period 1990 to 2000, the
rate is 2.7 percent; for the period 2000 to 2025, the rate is 2.6 percent; for the period
2025 to 2050, the rate is 2.1 percent (Hammitt et al., 1986; Quinn et al., 1986).
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Table 9

PROJECTION OF WORLD CFC PRODUCTION
(In thousands of mt)

Year CFC-11* CFC-12° CFC-22® CFC-113° CFC-114P

1990 506.3 575.3 246 241 17
2000 824.1 791.8 321 553 22
2010 1,104.1  1,010.3 415 849 28
2020 1,366.1 1,251.6 536 1,026 37
2030 1,668.0 1,535.0 676 1,229 47

*From Table 2.
Calculations explained in the text.
“Table 5.4 of Quinn et al. (1986).

Table 10

AMOUNT AND PERCENTAGE OF TOTAL FLUORSPAR DEMAND FOR CFC
(In thousands of mt)

CFC-11/CFC-12 Other CFCs® Total
Pessi- Opti- Pessi- Opti- Pessi- Opti-
Year mistic Nominal mistic mistic Nominal mistic mistic Nominal mistic
1990 Amount 549 422 971
Percent 11 8 19
2000 Amount 793 715 1508
Percent 11 10 20
2010 Amount 1028 1017 2045
Percent 11 10 11 10 23 20
2020 Amount 1274 1265 2539
Percent 12 10 12 9 23 19
2030 Amount 1559 1551 3110
Percent 12 9 12 9 23 17

*Fluorspar factors for CFC-22, CFC-113, and CFC-114 are 0.97, 0.69, and 0.99, respectively.
These were calculated by multiplying the factors for HF in Wolf (1980) by 2.03, the HF factor
for fluorspar given in Appendix C.

from 9 to 12 percent. The U.S. Department of Interior (1985) claims
that about 60 percent of the fluorspar consumed in the United States is
used to make HF presently, and that “fluorocarbons” account for 50
percent of the HF demand. This suggests that about 30 percent of
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fluorspar goes toward U.S. production of “fluorocarbons.” It is not
unreasonable to expect that between 7 and 11 percent of the fluorspar
is devoted to other fluorinated hydrocarbons.'?

In Table 10, we present the fluorspar requirements for each of the
CFCs in Table 9 and show the percentage of fluorspar production from
Table 8 that each represents.

Comparison of Cumulative Demand for Fluorine with the
Reserves and Reserve Base

In Table 11, we present current estimates of world fluorspar and
phosphate rock. Note that the data represent 100 percent fluorspar
equivalent. The reserve base is the in-place demonstrated resource
from which reserves are estimated. It includes those resources that are
currently economic (the reserves), those that are marginally economic
(marginal reserves), and some of those that are currently subeconomic
(subeconomic resources). The reserves are defined as that part of the
reserve base that could be economically extracted or produced at the
time of determination. Although some fluorine is recovered from phos-
phate rock today, to keep our analysis conservative, we classify it in
the remaining reserve base in Table 11 rather than in reserves.

To determine the approximate time that resources will be depleted,
we need to estimate the cumulative requirements for fluorspar over
time. For this analysis, we make several assumptions. First, we
assume that the demand for fluorspar for all uses will grow at the same
rate as projected for CFC-11 and -12, and that the shares of fluorspar

Table 11

WORLD FLUORSPAR AND PHOSPHATE
ROCK RESERVE BASE

(In millions of mt)

Remaining
Reserve
Mineral Reserves Base
Fluorspar 412 175
Phosphate rock — 359

SOURCE: U.S. DOI (1985).

12Examples of such chemicals used commercially include Halons 1211 and 1301, vinyl
fluoride, vinylidene fluoride, hexafluoroethane (CFC-116), and certain highly fluorinated
blood substitutes.
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used for the manufacture of various products remain the same. With
these assumptions and the data presented in Table 7 and Table 2, we
estimate that currently known fluorspar reserves will be exhausted by
about 2030. Using the same assumptions the reserve bdse would be
exhausted by about 2060.

At least four reasons suggest that the above analysis is conservative,
and that the demand for fluorspar for purposes other than making
CFC-11 and CFC-12 may grow at lower rates. If this were true, it
would extend the life of the reserve base.

First, in the steel industry, the average consumption of fluorspar per
ton of raw steel decreased from 6.5 pounds in 1980 to less than 5.0
pounds in 1983. In the United States, crude steel production
presently accounts for 21 percent of fluorspar consumption (U.S. DOI,
1985), and we have used this factor in our analysis. The decrease
would reduce the fluorspar market share in the steel industry to 17 per-
cent. Second, in the aluminum industry, the average use of hydro-
fluoric acid per ton of aluminum, currently at 40 to 50 pounds, is
expected to decline to 24 to 36 pounds by 2000 (Quinn et al., 1986).
Fluorspar use in the aluminum industry in the United States
represents 15 percent of the total supply. An average decline from 45
to 31 pounds per ton would reduce this percentage to 10. The two
trends taken together would ultimately reduce the fraction of fluorspar
devoted to steel and aluminum production from 36 percent to 29 per-
cent. Although we have used the present rates of consumption, this
additional 7 percent could conceivably be used in CFC-11 and CFC-12
production, stretching out the time at which the present reserve base is
depleted. A third factor that may contribute to a downward trend in
fluorspar use is secondary recovery. In the future, there could be
increased recovery from dry scrubbers in the aluminum industry.

The fourth factor concerns changes in demand for fluorspar, which
could result from technical changes or from changes in prices. We
have mentioned technical changes above that appear to be reducing
consumption in both the aluminum and steel industries. There may be
new uses developed for fluorine in the future, however, that could have
the opposite effect by increasing demand for fluorspar. An example of
such a new use is blood substitutes. Many of the proposed materials
are heavily fluorinated and, if they were adopted on a large scale,
fluorspar requirements might increase significantly.

Price changes cannot be predicted. Fluorspar presently is a rela-
tively plentiful mineral, enough so that exploration efforts to locate

13A source at the Bureau of Mines indicates that 1984 consumption has dropped even
further—to 4.1 pounds per ton of raw steel.
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new sources are minimal. However, as the present reserve base
approaches depletion, price increases would be expected. Although
these would trigger changes in CFC prices and resulting changes in
CFC demand, they also would spur exploration efforts and perhaps also
recovery from phosphate rock. Several outcomes are possible. The
identification of new, major deposits of fluorspar is unlikely, but possi-
ble. It could result in lower prices than at present, if these deposits
could be easily and economically mined. Lower prices, in turn, could
increase demand. On the other hand, exploration might establish only
that there are additional deposits of lower-grade, higher-cost fluorspar
that can be mined only at increased cost. Total fluorspar demand
would be depressed because of the higher prices, but the reserve base
would be increased. The change in reserves over time can easily be
demonstrated. In 1979, for instance, reserves were estimated at 88 mil-
lion mt, about one-fourth the estimated reserves today. This illustrates
that even over short periods of time, the identified reserves can
increase significantly. Reserves at current prices are available for some
45 years; the remaining reserve base will be adequate for an additional
30 years, albeit at higher prices.

Increases in the price of fluorspar are unlikely to have large effects
on CFC prices, and hence, on demand for CFCs. To judge the sensi-
tivity of CFC prices to fluorspar prices, we rely upon the data
presented in U.S. DOI (1985) and by Farhad and Elkin (1985b). U.S.
DOI reports 1983 domestic fluorspar prices of $164 per short ton, or 8.2
cents per pound.!* Using the data of Appendix C, we find that 2.03
pounds of fluorspar, or about 16 cents worth, are used to make one
pound of HF. Farhad and Elkin report HF prices of 58 cents per
pound and also report that HF represents between 15 and 21.8 percent
of the product value of CFC-11 and between 27.9 and 37.7 percent of
the product value of CFC-12.

From these data, the cost of fluorspar represents between about 4
and 6 percent of the CFC-11 product value, and between approximately
8 and 10 percent of the CFC-12 product value. CFC prices are conse-
quently relatively insensitive to changes in fluorspar prices. Doubling
fluorspar prices would result, at most, in a 6 percent increase in the
CFC-11 price and a 10.6 percent increase in the CFC-12 price.

14A source at the Bureau of Mines indicates that foreign prices are even lower.
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Restricted Trade Implications

Fluorspar is considered a strategic material in the United States.
About 85 percent of the domestic demand in the last decade was
imported, largely from Mexico, the Republic of South Africa, and
China. In the world market, the leading exporting countries are
Mongolia, China, Mexico, and the Republic of South Africa. The
major importing countries are the United States, the USSR, Japan,
and the Federal Republic of Germany (U.S. DOI, 1985).

According to one source at the Bureau of Mines, there is trade in
fluorspar between Soviet bloc countries and non-Communist countries.
Of the 412 million mt of fluorspar reserves in Table 11, about one-third
resides in the USSR (73 million mt), Mongolia (45 million mt), and
other centrally planned economy countries (18 million mt). Deposits
in these countries account for 172 million mt or 29 percent of the total
fluorspar reserve base. We do not know the world distribution of phos-
phate rock, but for purposes of analysis, we assume that 29 percent or
104 million mt exists in Soviet bloc nations.

The fluorspar and phosphate rock in Soviet bloc countries may not
be available to non-Communist countries in the forseeable future.
Indeed, nearly all of the Mongolian production is exported to the
USSR and other centrally planned economy countries (U.S. DOI,
1985). If we assume that the Soviet bloc fluorspar and phosphate rock
reserve base is unavailable to non-Communist countries in the amounts
estimated above, then the non-Communist reserves of Table 11 will be
depleted by about 2015 and the entire non-Communist reserve base will
be exhausted in about 2050.!° These results suggest that if there are
international trade barriers between nations'® with significant deposits,
the reserve base will be exhausted much earlier.

BWe use the production scenarios of Tables 4.2 and 4.3 in Quinn et al. (1986) for our
analysis. Production in the “Eastern Bloc” is assumed to be completely satisfied by
fluorspar and phosphate rock from Soviet bloc countries. We assume that 33 percent of
the reserves and 20 percent of the total reserve base is unavailable to non-Communist
countries.

18T the future, there may be restricted trade between the United States and the
Republic of South Africa, which has considerable resources.



IV. PRODUCERS’ BEHAVIOR WHEN
FACED WITH CONSTRAINTS
ON PRODUCTION CAPACITY

In the last section, we discussed how worldwide CFC producers will
face capacity limitations. Although debottlenecking and other meas-
ures can delay the time it takes to reach a rigid global capacity limit,
eventually firms that are not already subject to a capacity cap must
decide whether to build an additional plant. A host of factors will
influence this decision, but one of the most important, the one we
focus on here, is the producers’ perception of future regulation. In any
decision to bring capacity on line, the producer must ask: How likely
is future regulation of CFC-11 and CFC-12, and how will it affect
demand for the final products? Will only certain markets be regu-
lated?

In general, regulatory action concerning a particular substance can
vary from a vague threat to an announcement of an imminent ban.
Producers of the substances involved would respond differently,
depending on their guess as to the likelihood of future regulation. An
extreme case to the producer, of course, is when regulation is certain,
because it removes any motivation to gamble on the regulation’s not
occurring. The main question addressed in this section, then, is how
CFC producers are likely to act regarding investment in new capacity
when future CFC regulation is uncertain and when they are producing
at full capacity.

To analyze this question, we first examine how producers would be
likely to act when regulation is certain. We then argue that they would
act in the same way when regulation is uncertain because their down-
side risks are even smaller in that case. This analysis is based on the
economics of CFC production and the relative inelasticity of demand
for CFCs.

We then examine some case studies of other chemicals that have
been under regulatory scrutiny. In each case study, we define the
threat of regulation and record the producer’s behavior. The case stu-
dies we have chosen highlight the important issues in decisions under
potential regulation that are likely to be encountered.

27
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EFFECT OF ANTICIPATED REGULATION ON THE
PROFITABILITY OF A CFC-11/12 PLANT

Concern about future regulation can discourage future investment in
CFC production. This is true primarily because new regulation might
halt production from a new plant before the firm that owns the plant
has recovered its full investment in that plant. Suppose producers of
CFCs were discouraged from undertaking new investment on precisely
these grounds. As time passed, demand would begin to outstrip exist-
ing capacity, forcing prices up. Some customers would find substitutes
for either CFCs or the products produced with CFCs, but those who
had no choices (such as those in the refrigeration industry) would
quickly bid prices up. As prices rose, producers could recover their
investments in new plants more quickly, thereby reducing the
discouraging effects of potential regulation on new investment. In fact,
because the production of CFC-11 and -12 is not a capital-intensive
activity, a fairly modest rise in price allows a marked reduction in the
time it takes to recover investment costs from a new plant. As a
result, although fear of new regulation might discourage investment for
short periods of time, such fear is unlikely to constrain the supply of
CFC-11 and -12 over the long term.!

This subsection uses data on the cost of producing CFC-11 and -12
to illustrate how easy it is to offset the fear of regulation that would
shorten the life of a new investment by simply waiting for prices to
rise. For simplicity’s sake, the analysis assumes that regulation takes
the form of an abrupt, unexpected ban on CFC production at a given
future date with no grandfathering clauses or transition provisions. It
assumes that real CFC prices remain constant until the moment that
regulation begins. These assumptions are conservative and illustrate
the worst case. In all likelihood, new regulations would allow grandfa-
thering and would have transition rules in which future regulation was

IThe “long term” here is likely to be short. In the presence of an absolute limit on
new production growth, CFC-11 and -12 prices could easily rise 60 percent within five
years. Such a rise would be higher than any price rise discussed below. To see this, con-
sider a simple demand function for a CFC in which the elasticity of demand, e, is con-
stant and demand at any price grows at a constant annual growth rate, g: gy =
ap®exp(gt), where q is the quantity of a CFC, a is a constant, p is the CFC price, and ¢ is
an index of time. Set this demand equal to a fixed supply, 4, and logarithmically dif-
ferentiate the resulting expression. This yields an expression, dinp = (g/—e)dt, which
states that the percentage change in price in any year equals the absolute value of the
ratio of growth in CFC demand per year to its elasticity of demand. Let us consider a
lower bound on what this ratic might be. From Table 9, g is likely to be higher than 0.02
during our period of interest. Other work, reported in Camm et al. (1986), suggests that
le| is likely to be less than 0.2 during this same period. Hence, the ratio above is likely
to be greater than 0.1. That is, price would rise at least 10 percent a year under these
circumstances or 61 percent over five years.
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announced or production rights were phased out over time. Similarly,
as regulation became more likely, real prices could easily rise as pro-
ducers hoard or reduce maintenance and other investment in produc-
tion assets.? Such a regulation-induced rise in price would actually
make it possible to recover investment costs faster than under our
assumption of constant prices.

The key to the analysis presented here is the fact that the share of
capital costs in the production of CFC-11 and -12 is small. As a result,
a small increase in revenues, which all accrues to the owners of capital,
can create a fairly large relative increase in the flow of resources to
capital each year. Table 12 shows the share of capital costs reported
in Farhad and Elkin (1985b) for two sizes of CFC-11/12 plants—50
and 100 million pounds per year—operating at three utilization rates—
50, 75, and 100 percent. The range of cost shares runs from about 15
to 30 percent. If anything, these shares are likely to be high. Farhad
and Elkin assume that the pretax real cost of capital is 25 percent and
that total investment costs must be recovered in well under 10 years.
For most investments in the chemical industry today, the real cost of
capital is below 15 percent. And given that CFC-11/12 plants have an
economic life of more than 10 years, requiring full economic payback in
less than 10 years is extremely conservative. More reasonable assump-
tions about these capital cost factors would yield a range of about 8 to
16 percent.

Farhad and Elkin indicate that a CFC producer is just indifferent
between investing and not investing when the price is high enough to
return 10 percent of capital costs each year to amortize the investment
as well as 25 percent to cover the cost of capital. Together, these sum
to a total capital cost recovery factor of 35 percent.* Producers could
achieve a 25 percent return on such an investment and recover their
initial investment in just 5.6 years. Although this appears to be an
inordinately short period of investment for plants with much longer

2Hoarding or stockpiling in anticipation of future shortages would shift demand for-
ward in time and cause prices to rise before an absolute production ban took effect.
Anticipation of a ban would also reduce the value of existing production assets and the
return from maintaining them properly today to enhance their productivity in the future.
Less maintenance and therefore less effective capacity would result even before the ban
started, reducing supply and driving up prices.

3Ag noted above, investment in a straight CFC-11/12 plant is not the only option that
producers face. They can potentially relieve some regulatory uncertainty by building a
more flexible, albeit more expensive, plant. Again, by ignoring this option, this analysis
presents conservative results.

4For a discussion of the definition and construction of capital cost recovery factors,
see Appendix D.
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Table 12

SHARE OF CAPITAL COSTS IN TOTAL COSTS OF
CFC-11/12 PRODUCTION PLANTS

Capacity Utilization

Scale of Production 50% 75% 100%
50 million lb/year 29.9% 21.3% 17.7%
100 million lb/year 25.0% 19.2% 15.6%

SOURCE: Calculated from cost data in Farhad and
Elkin (1985b).

economic lives, we can use it as a benchmark.? Table 13 shows how
high reservation prices would have to rise to recover all investment
costs and earn a 25 percent real return in a shorter period of time—for
example, before new regulations terminated the tight to produce.

Note first that unless regulations are expected within the next 5.6
years, the regulation should have no effect. Second, fairly small price
increases quickly offset the effects of regulation that would occur
several years hence. Price increases are marginally higher for smaller
plants because of slight scale economies in the capital plant itself.
Differences are much larger across different utilization rates because
operating costs—which vary with utilization—account for such a large
share of costs. Third, even if regulation were to force closure only two
years after a plant opened, a 17 percent increase in prices would make
new investment worthwhile for certain producers. A 30 percent
increase should ameliorate the fear of regulation two years in the
future for all new investors. Such modest price increases can offset
such-severe effects of regulation precisely because capital costs account
for such a small share of total costs but capture any revenues that
result from higher prices.

The qualitative character of these results does not change if we use
more reasonable assumptions about capital cost factors than Farhad

SProducers might seek to recover their investment before the end of the physical life
of their equipment because they anticipated that technological change would make the
equipment obsolete prematurely or because uncertainty about the far future might
devalue any return from investment beyond a planning horizon shorter than this physi-
cal lifetime. Industry representatives, however, normally speak of these plants as
remaining productive for at least 10 years. In the ahsence of new regulation motivated
by concern about ozone depletion, they would expect these plants to remain in service for
an economic life of at least 10 years.
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Table 13

PERCENTAGE PRICE INCREASES THAT OFFSET SHORTENED
PLANT LIVES CAUSED BY REGULATION
(FARHAD AND ELKIN ASSUMPTIONS)*

Years of Capacity Utilization

Scale of Production
Production until Ban 50% 5% 100%
50 million 2 29.5 23.3 19.3
Ib/year 3 13.9 11.0 9.1
4 6.3 5.0 4.1
5 1.9 1.5 1.2
100 million 2 27.3 21.0 17.0
Ib/year 3 12.9 9.9 8.0
4 5.8 4.5 3.6
5 1.7 1.3 1.1

SOURCE: Calculated from data in Farhad and Elkin (1985b).
“Capital cost recovery factor today, 0.35; real pretax cost of capital,
0.25.

and Elkin used. Lowering the real pretax cost of capital to 15 percent
and the share of investment amortized per year to 5 percent yields a
lower capital cost recovery factor of 20 percent.® This reduces the
share of capital costs still further, making it even easier to use price
increases to offset the effects of anticipated shorter investment lives
induced by future regulation. Plant life must be longer under such an
assumption—about 10 years total—so that regulation as far as a decade
into the future can affect investment planning. But the effects on net
present value of regulation far in the future are small and easily offset
by very small price increases. Larger price increases are required to
offset regulation introduced in the near future. Table 14 presents
results analogous to those in Table 13, but based on a lower cost of
capital and longer project life. Although the price increases shown
here are larger than those in Table 13, they are still modest when we
consider that an 80 percent cut in project life—from 10 to 2 years—can
be offset by a price increase of only 22 percent in one case and of no
more than 41 percent in any case. If fear of regulation stops additions
to capacity, the supply shortages that result can raise prices enough to
offset even substantial fears.

6See Appendix D for more detail on choosing the value of this factor.
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Table 14

PERCENTAGE PRICE INCREASES THAT OFFSET SHORTENED
PLANT LIVES CAUSED BY REGULATION
(RAND ASSUMPTIONS)?

Years of Capacity Utilization

Scale of Production
Production until Ban 50% 75% 100%
50 million 2 40.8 31.3 25.5
1b/year 3 23.4 17.9 14.6
4 14.8 11.3 9.3
5 9.7 74 6.1
100 million 2 374 27.8 22.2
Ib/year 3 21.4 15.9 12.7
4 13.5 10.0 8.0
5 9.7 74 6.1

SOURCE: Calculated from data in Farhad and Elkin (1985b).
*Capital cost recovery factor today, 0.20; real pretax cost of capital,
0.15.

Some might argue that this analysis ignores the effect of potential
regulation on the riskiness of new investment and hence on the cost of
capital to the firm. If such riskiness affects a firm’s cost of capital, it
is through its effect on the variance of returns from the firm’s portfolio
as a whole. Potential regulation of CFCs can affect that only if new
investment in CFC-related production capacity constitutes a significant
fraction of the firm’s portfolio or if regulation increases the correlation
of returns from this capacity with returns from other investments. For
most producers, CFC-related investments constitute a small share of
their total investments. And there is no reason to believe that regula-
tion per se increases the covariance between income streams from
CFC-related and other investments. If anything, actual regulation
might shift demand from CFCs to other chemicals that these firms pro-
duce, creating a negative correlation and potentially reducing the vari-
ance of income from the firm’s portfolio as a whole. Such an effect
would be small, however, and is best ignored. There is no good reason
to expect regulatory uncertainty per se to affect a firm’s cost of capital
unless the firm is heavily specialized in CFC production. This is not
the case for most CFC producers.
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It might also be argued that if regulation is anticipated in only one
country, a resultant reluctance to invest need not lead to the higher
prices that, according to the logic above, can ultimately overcome a
firm’s unwillingness to invest. That is because prices are set in a world
market and will not be much affected by decisions not to expand
capacity in one country. (For a discussion of this point, see Sec. IIL.)
In this case, regulatory anticipation can indeed inhibit capacity expan-
sion over a long period of time. But such an inhibition is not impor-
tant from a global point of view. As demand expands in the country
where producers fear new regulation, it can be met by suppliers who
are willing to expand capacity and to export to the country in question.
That is, fear of regulation in one country will not affect global use of
these chemicals. Only if global regulation is anticipated is a general
curtailment possible, and in these circumstances, world prices can rise
to provide continuing incentives to invest.

In sum, fear of future regulation can lead producers to conclude that
they will not be able to produce from a new plant long enough to
recover their capital costs and achieve a reasonable return on invest-
ment. This is the principal way in which a concern over future invest-
ment might affect investment behavior. But to the extent that such
concern does constrain investment, it will induce prices to rise. And
because the production of CFC-11 and -12 is not capital-intensive, ris-
ing prices rapidly reduce the length of time required to recover invest-
ment costs. Moderate price increases can allow a reasonable return on
investment even if an absolute ban on production is sure to occur
within a few years. Regulatory anticipation may stop investment in
selected countries. But such concerns are not important from a global
perspective.

CASE STUDIES

The analysis of profitability above is necessarily somewhat stylized.
We can gain a richer understanding of how producers behave in the
face of regulatory uncertainty by examining how they have behaved in
some specific cases in the past. Each case contains some characteris-
tics of response to regulation that help shed light on the current case.

Case 1: Chlorofluorocarbons

CFCs were first produced just after World War II. By 1970, six
chemical firms, Allied, DuPont, Kaiser, Pennwalt, Racon, and Union
Carbide, had entered the market. Table 15 shows the capacity held by
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each firm at that time and displays the changes in capacity over time
until the present. Three of the producers in Table 15—Allied, DuPont,
and Union Carbide—produced CFC-113 and CFC-114; all six firms pro-
duced CFC-11, CFC-12, and CFC-22.

Between 1970 and 1975, capacity steadily increased from 950 million
to 1,350 million pounds.” Indeed, CFCs were being used in a variety of

Table 15

HISTORICAL CFC PLANT CAPACITY
(In millions of lb)

Producer 1970 1972 1975 1978 1983 1985

Allied 200 310 310 370 300 330
(Baton Rouge, LA;
Danville, IL;
Elizabeth, NJ;
El Segundo, CA)

DuPont 500 500 600 500 650 650
(Antioch, CA;
Carneys Point, NJ?
East Chicago, INb;
Louisville, KY;

Montague, MI;
Corpus Christi, TX)

Kaiser 50 50 75 80 80 80
(Gramercy, LA)

Pennwalt 80 115 115 90 90 120

(Calvert City, KY;
Thorofare, NJb)
d

Racon 20 20 20 45 80 85
(Wichita, KS)

Union Carbide 100 150 200 — — —
(Institute, WV®)

Total 950 1,145 1,320 1,085 1,200 1,265

SOURCES: OPDR (March 1970); CMR (August 1972); CMR
(September 1975); CMR (August 1978); CMR (March 1983);
Farhad and Elkin (1985b).

®In 1975, this appears as Pennsville, NJ; in 1978 and 1983 as
Deepwater, NJ.

Closed between 1975 and 1978.

“Built between 1972 and 1975.

Later known as Essex.

*Total in the CMR, 975 million pounds, is not correct.

7A 1986 Chemical Marketing Reporter profile indicates that total capacity presently
amounts to 1,360 million pounds (CMR, 1986). It includes the following breakdown:
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products, and the aerosol market where CFC-11, CFC-12, and CFC-114
were employed was doing especially well.

In 1974, a theory was proposed suggesting that the fully halogenated
CFCs were stable enough to survive intact until they reached the strat-
osphere. Once there, impinging ultraviolet light caused the molecules
to decompose, liberating their chlorine. This chlorine, it was
hypothesized, was then available to catalytically react with ozone which
shields the earth from ultraviolet radiation (Molina and Roland, 1974;
Stolarski and Cicerone, 1974). In 1975, the Chemical Marketing
Reporter stated that “If this theory is found to be correct, fluorocarbon
aerosol propellants stand a good chance of being banned.”

By 1978, in anticipation of the aerosol ban, capacity had declined to
1,085 million pounds. Late that year, the first phase of the aerosol ban
went into effect. By then, one producer, Union Carbide, had left the
market, and DuPont and Pennwalt had closed plants. During that
same period, in spite of the aerosol ban, Allied, Kaiser, and Racon each
increased capacity. Those producers who closed plants, Union Carbide,
DuPont, and Pennwalt, may have sold CFCs heavily to the aerosol
market. Those producers who increased capacity probably sold more
heavily to nonaerosol markets. We do know that Racon has tradi-
tionally produced CFCs for the refrigeration market, and sales from
Kaiser and Allied may have been targeted primarily to the foam indus-
try and refrigeration markets.

According to the values of Table 15, Allied’s capacity declined
between 1978 and 1983. This may have reflected a delayed response to
the aerosol ban. During that same period Racon approximately dou-
bled its capacity, perhaps reflecting increased demand for refrigerants.
DuPont also increased capacity, above its pre-aerosol ban level.
Between 1983 and 1985, the increase continued with Allied, Pennwalt,
and Racon augmenting capacity.

In 1977, an interagency task force including the Food and Drug
Administration (FDA), the Consumer Product Safety Commission
(CPSC), and the Environmental Protection Agency (EPA) began inves-
tigating the impacts of regulating nonaerosol CFC emissions. A 1979
National Academy of Sciences panel predicted that significant ozone
depletion, approximately 16 percent, would occur if emissions of poten-
tial ozone depleting substances continued (NRC, 1979). The Chemical
Marketing Reporter stated in 1978 that “nonessential uses of fluorocar-
bon propellants will be banned this year. Producers do not expect an

Allied, 300 million pounds; DuPont, 750 million pounds; Kaiser, 80 million pounds; and
Racon (Essex), 80 million pounds.
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across the board ban on refrigerant and other uses of fluorocarbons,
but some regulations on emissions are probably forthcoming. How this
will affect volume is not known” (CMR, August 1978).

In spite of the continuing possibility that nonaerosol emissions of
CFCs might eventually be regulated, producers increased capacity by
about 17 percent over the period from 1978 to 1985. From 1978 to
1984, combined CFC production increased much more, by some 48 per-
cent as the excess capacity after the aerosol ban was more fully util-
ized.® In fact, most CFC markets are growing rapidly and CFC-11 and
CFC-12 production have once again reached pre-aerosol ban levels of
production.

Production of one CFC in particular, CFC-113, went from 86 million
pounds in 1978 to 150 million pounds in 1984, This CFC was not
affected by the aerosol ban and in 1978, DuPont and Allied had a com-
bined capacity for CFC-113/CFC-114 production of 150 million pounds.
Our estimates of 1984 CFC-113 and CFC-114 production of 150 and 15
million pounds, respectively, suggest that 1978 capacity was inade-
quate. Indeed, one producer has recently debottlenecked a CFC-
113/CFC-114 plant.

The CFC case study illustrates that chemical producers exhibit
diverse behavior when they are faced with different kinds of regulatory
threats. On the one hand, when the aerosol ban was proposed, produc-
ers responded by decreasing plant capacity even before the ban went
into effect. On the other hand, the same producers have been living
under the threat of nonaerosol CFC regulation for close to a decade.
They have responded in this instance by increasing capacity.

Case 2: Carbon Tetrachloride

It has already been mentioned that the major use of carbon tetra-
chloride (CT) is in the production of CFC-11 and CFC-12. It has also
been used as an ingredient in several grain fumigants, but in 1985, pro-
ducers voluntarily agreed to cease production for this purpose. Before
1969, CT, an excellent solvent, was employed in several home products
until interstate shipment of such products was banned.

Table 16 shows the historical capacity of CT production plants.
Between 1966 and 1975, growth was rapid and capacity more than dou-
bled. The fate of CT is largely determined by CFC-11 and CFC-12,

8U.8. CFC-11, CFC-12, and CFC-22 production data for 1978 were 194, 327, and 204
million pounds, respectively, and for 1984 were 185, 340, and 255 million pounds, respec-
tively (U.S. ITC, 1978; U.S. ITC, 1984). U.S. CFC-113 and CFC-114 production was
estimated at 86 and 21 million pounds, respectively, in 1978, and at 150 and 15 million
pounds, respectively, in 1984.
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and this period was one of strong growth for the CFCs as well. In
1969, industry sources reported, “Growth continues spurred by demand
for dichlorodifluoromethane (F-12) and trichlorofluoromethane (F-11)
refrigerant and propellants” (OPDR, December 1969).

In 1974, the ozone depletion theory was published. In 1975, industry
reported that, “Aerosols, which account for more than 60 percent of the
market for fluorocarbons 11 and 12, apparently reached their peak of
popularity in 1973. Total fillings of aerosol and pressurized products
are estimated to have dropped by about 5 percent in 1974 from the pre-
vious year. The causes of this are thought to be economic, but the
issue of ozone depletion by fluorocarbons is also believed to have con-
tributed to the decline in popularity of aerosol products. Fall-offs in
discretionary consumer spending power bode ill for aerosol sales this
year and beyond. Health controversies surrounding fluorocarbon pro-
pellants may permanently stigmatize aerosols even if fluorocarbons are
discovered not to cause irreversible environmental damage” (CMR,
June 1975).

Table 16

HISTORICAL CARBON TETRACHLORIDE PLANT CAPACITY
(In millions of 1b)

Producer 1966 1969 1972 1975 1978 1981 1983
Allied (Moundsville, WV)? 8 8 8 8 8 — —
Diamond (Painesville, OH) 30 — — — — — —
Dow (Freeport, TX) 130 130 130 135 135 135 135
Dow (Pittsburgh, CA) 30 45 45 80 80 80 80
Dow (Plaquemine, LA) 20 100 100 125 125 125 125
FMC—Allied (South 200 225 300 300 300 — —
Charleston, WV)
Stauffer (LeMoyne, AL) 85 130 200 200 210 210 210
Stauffer (Louisville, KY) 70 70 70 35 75 75 75
Stauffer (Niagara 125 150 150 150 — — —
Falls, NY)
Vulcan (Wichita, KS) 25 25 40 60 60 60 60
Vulcan (Gusmar, LA) — 35 35 90 90 90 90
DuPont (Corpus — — — 300 300 300 300
Christi, TX)
Linden (Moundsville, WV)* — — —_ — — 8 —
LPC (Moundsville, WV)? —_— —_ — — — — 8
Total 723 918 1,078 1,483 1,383 1,083 1,083

SOURCES: OPDR (October 1966); OPDR (December 1969); CMR
(August 1972); CMR (June 1975); CMR (April 1978); CMR (May 1981); CMR
(February 1983).

*May be same plant.
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In 1978, the ban on CFC-11 and CFC-12 for propellant use went
into effect. Between 1975 and 1978, apparently in anticipation of this
event, CT production capacity declined by 7 percent. Between 1978
and 1981, after the ban had gone into effect, capacity declined an addi-
tional 22 percent. In 1981, industry reported that “The worst is behind
the carbon tetrachloride business now that producers of consumer aero-
sols have finished most of the revamping of their products to remove
fluorocarbon propellants” (CMR, May 1981). Between 1981 and 1983,
capacity remained constant but significant overcapacity existed at the
time (CMR, February 1983).

The case of CT illustrates the effect of a regulation that applies to
one chemical on the precursor chemical used to produce it. The for-
tune of such precursor chemicals is inextricably tied to that of the
chemicals they are used to produce. This highlights the importance of
vertical integration in the chemical industry and emphasizes the impor-
tance of considering regulatory effects on one chemical, in this case
CFC, on the precursor chemical, in this case CT.

Case 3: Trichloroethylene

Trichloroethylene (TCE) is an excellent solvent used primarily to
degrease metal parts. As the values of Table 17 show, capacity of TCE
peaked in 1969 and followed a steady decline thereafter.

TCE is one of the most regulated chemicals. In the early years,
1965 through 1969, the Vietnam War spurred TCE demand for metal
cleaning. In 1968, Los Angeles County adopted Rule 66 limiting air
emissions of the solvent. In 1969, the Manufacturing Chemists Associ-
ation (now the CMA) commissioned a private study on the effects of
TCE in the atmosphere. The results downgraded TCE’s role in con-
tributing to photochemical smog. In 1970, industry reported that TCE
was “holding its own in what industry believes is overzealous antipollu-
tion efforts on the West Coast” (OPDR, 1970).

By 1972, however, it was reported that several states had legislation
similar to L.A. County’s Rule 66. According to the values of Table 17,
the more stringent regulations may have contributed to the capacity
decline. The further decline between 1972 -and 1975 signaled the
demise of TCE. Industry conceded, “Trichloroethylene is very pho-
toreactive. Federal and local governments have severely restricted use
and emissions of TCE in vapor degreasing plants in many areas of the
country in order to reduce air pollution” (CMR, September 1975).
TCE’s future looked even worse when it emerged that the chemical
caused cancer in rodents in a National Cancer Institute study.
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Table 17

HISTORICAL TCE PLANT CAPACITY
(In millions of 1b)

Producer 1964 1966 1969 1972 1975 1978 1981 1983 1985°
Detrex (Ashtabula, OH) 70 80 100 — — — — — _
Dow (Freeport, TX) 30 50 200 150 150 120 120 120 120
Dow (Plaquemine, LA) 35 40 RS S— — — — — _

DuPont (Niagara Falls, NY) 225 225 275 — — — — — —
Hooker (Niagara Falls, NY) 45 60 60 — — — — — —

Hooker (Tacoma, WA) 25 30 30 30 — — — — —
PPG (Barberton, OH) 45 80 — —_ — — — — —
PPG (Lake Charles, LA) — — 80 200 200 220 220 220 200
Diamond Shamrock

(Deer Park, TX) — —_ 60 60 50 50 — — —
Ethyl (Baton Rouge, LA) — — 40 40 40 50 50 — —
Hooker (Taft, LA) — — 40 60 40 40 — — —
Total 475 565 920 540 480 480 390 340 320

SOURCES: OPDR (June 1964); OPDR (July 1966); OPDR (October 1969); CMR
(November 1972); CMR (September 1975); CMR (June 1978); CMR (April 1981); CMR

(February 1983).
NOTE: Capacities are flexible because the equipment is also used to produce per-

chloroethylene, another chlorinated solvent.
sExcludes Ethyl’s 45 million lb/year plant, which is on standby (probably forever).

Industry commented, “Evidence that trichloroethylene is a potent car-
cinogen is not likely to improve tricholor’s popularity and waning
market position” (CMR, September 1975).

In the years following, TCE’s popularity declined further as other
chlorinated solvents, particularly methyl chloroform, took their market
share. Between 1978 and 1985, the American Conference of Govern-
mental Industrial Hygienists (ACGIH) reduced its recommended work-
place threshold limit value from 100 ppm to 50 ppm and EPA further
restricted TCE atmospheric emissions. For this period, capacity con-
tinued to decline.

The case of TCE underscores the influence of regulatory scrutiny on
capacity. Stringent regulations were imposed on TCE over the last
decade, and the continued examination of the chemical may have con-
tributed to decisions to close plants. Other chlorinated solvents that
were not so tightly regulated nor so continuously scrutinized could be
readily substituted for TCE, and they were.
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Case 4: Vinyl Chloride

Vinyl chloride (VC) is used almost exclusively to produce polyvinyl
chloride (PVC). The PVC resins are molded to fabricate a range of
products including piping, flooring, home furnishings, and phonograph
records. As we shall see, VC regulatory history is complex and the
chemical provides one of the most interesting cases for studying indus-
try response to regulation.

Table 18 presents the VC capacity data for the period 1965 through
1983. The values show a fourfold increase between 1965 and 1981 with
producers actively entering and exiting the market. Between 1981 and
1983, capacity declined, largely because of the strong recession. VC’s
fate is strongly tied to PVC’s fate, which is determined by the strength
of the housing and automobile industry. More recent data may show
an increase in capacity since 1984; in that year VC production
amounted to 7.5 billion pounds, 8 percent greater than 1983 produc-
tion.

Concern for vinyl chloride’s toxicity became widespread when B. F.
Goodrich announced in January of 1974 that, since 1971, three workers
in the firm’s Louisville, Kentucky, PVC plant had died of angiosar-
coma, a rare liver cancer.” By July of that year, a total of 13 workers
with angiosarcoma had been noted in the United States. Later studies
suggested that this rate was some 400 to 3,000 times higher than the
incidence of the disease in the general population (Doniger, 1978). In
1975, results of animal studies showed that rats inhaling concentra-
tions of VC as low as 50 ppm developed angiosarcoma (Maltoni and
Lefemine, 1975). Later studies demonstrated that VC induced liver
cancer in rats fed 25 ppm VC and mammary tumors in rats fed VC at
one ppm (Maltoni, n.d.).

In April 1974, in response to the human carcinogenicity data, the
Occupational Safety and Health Administration (OSHA) issued an
emergency temporary standard lowering workplace exposure levels
from 500 ppm to 50 ppm. In October of the same year, OSHA pub-
lished the final standard (Fed. Reg., p. 566 AOC, 1974) of one ppm.
The Society of the Plastics Industry (SPI) petitioned the court against
the standard, claiming that meeting it was technologically infeasible

9The highest angiosarcoma rates have been observed in PVC plant workers who clean
the polymerization reactor where the VC is converted into PVC. Capacity levels in PVC
plants, like those of VC plants, steadily increased in spite of the threat and the reality of
regulation. Chemical Marketing Reporter profiles for PVC show that producers together
held capacity of 5,415 million pounds in 1974, 6,655 million pounds in 1977, and 7,685
million pounds in 1980 (CMR, May 1974; CMR, May 1977, CMR March 1980). This
reflects a growth of 42 percent for the period and can be compared to a growth of 43 per-
cent in VC capacity for the period 1975 through 1981.
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Table 18

HISTORICAL VINYL CHLORIDE PLANT CAPACITY
(In millions of 1b)

Producer 1965 1969 1971 1975 1978 1981 1983
Allied (Moundsvill, WV) 100 — — — — — —
American Chem (Watson, CA) 75 170 170 170 — — —
Cumberland (Calvert City, KY) 75 — — — — — —
Diamond (Houston, TX)? 100 — — — — — —
Dow (Freeport, TX) 150 180 180 150 200 150 —
Dow (Plaquemine, LA) 200 300 340 430 800 1,250 1,250
Ethyl (Baton Rouge, LA) 190 270 270 300 300 300 300
Ethyl (Houston, TX) 110 150 150 150 — — —
General Tire (Ashtabula, OH) % — — — — — —_
Goodrich (Calvert City, KY) 400 1,000 1,000 1,000 1,000 1,000 1,000
Goodrich (Niagara Falls, NY) 30 - — — — —_ —
Goodyear (Niagara Falls, NY) 70 — — — — — —
Monochem (Geismar, LA) 130 300 300 300 300 300 —
Monsanto (Texas City, TX) 150 — — — — — —
Tenneco (Houston, TX) 200 225 265 255  — — —
Union Carbide (S. Charleston, WV) 120 — — — — — —
Union Carbide (Texas City, TX) 180 150 — — — — —
Allied (Geismar, LA) — 300 300 300 — — —
Conoco (Lake Charles, LA)® — 600 600 600 700 — —
Diamond Shamrock (Deer Park, TX)? — 100 — — 1,000 1,000 —
PPG (Lake Charles, LA) — 300 300 300 400 900 900
Dow (Oyster Creek, TX) — — 700 720 700 750 750
PPG (Guaryanella, PR) — — 500 500 500 — —
Shell (Deer Park, TX) — — — 840 840 840 840
Shell (Norco, LA) — — — 700 700 700 —
Allied (Baton Rouge, LA) — — — — 300 — —
Borden (Geismar, LA) — — — — 300 310 550
Stouffer (Carson, CA) — — — — 170 170 —
Conoco (Westlake, LA)® — — — — — 650 650
Formosa (Baton Rouge, LA) — — — — — 300 300
Georgia—Pacific (Plagquemine, LA) — — — — — 1,000 1,000
Formesa (Point Comfort, TX) — — — — — — 520
Goodrich (LaPorte, TX) — — — — — — 1,000
Total 2,355 4,075 5,065 6,715 8,210 9,620 9,060

SOURCES: OPDR (October 1965); OPDR (March 1969); OPDR (October 1971);
CMR (July 1975); CMR (September 1978); CMR (June 1981); CMR (June 1983).

*May be same plant.

"May be same plant.
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(Doniger, 1978). The court rejected the appeal and the one ppm stan-
dard was adopted in April 1975.

In May 1974, Chemical Marketing Reporter warned that “The effect
of government toxicity investigations could cause production disrup-
tions, and heavy expenses, if substantial engineering and workpractice
changes are demanded. Inadequate feedstock supply, and projected
supply, is expected to cripple growth in strong, traditional markets and
to inhibit the development of promising new ones” (CMR, May 1974).
The SPI cited results of contractors’ studies suggesting that the costs
of complying with the new standard could be as high as $90 billion,
and that as many as 2.2 million jobs might be lost (Epstein, 1979;
Doniger, 1978).

Soon after the new standard became effective, it was apparent that
industry would be able to comply relatively easily. Indeed, there were
no major economic dislocations or plant closings. Furthermore, several
producers including Goodrich and Tenneco were licensing a variety of
new emission control devices (Doniger, 1978). The regulation also
spurred recovery and recycle of waste VC and PVC. Although the
industry did experience a severe slump in 1974 and 1975, the cause was
more likely attributable to the recession and oil embargo of 1973.
These events had a significant effect on the rest of the chemical indus-
try as well. In fact, Chemical Week reported that if any PVC plants
were to close in the future, it “will be for other, economic reasons”
(Chemical Week, December 1975). The high compliance cost and
worker layoffs predicted earlier never did materialize.

Government agencies other than OSHA were concerned with VC as
well. EPA eventually regulated VC as a hazardous air pollutant under
Section 112 of the Clean Air Act. In 1975, the FDA proposed to limit
the use of PVC food packaging. In 1974, the EPA, the FDA, and the
CPSC banned the use of VC in propellants. The substance had been
used in a variety of aerosol products including cosmetics, drugs, and
pesticides.

In 1975, Chemical Marketing Reporter wrote, “Cosmetic and toiletry
markets have been stealthily abandoning PVC bottles in favor of con-
tainers made from less controversial resins. Migration of unreacted
VCM (vinyl chloride monomer) from PVC packaging film and bottles
is of growing concern to the public” (CMR, July 1975). The proposal
on food packaging by FDA and the ban of VC in aerosol products
affected only a small fraction of the VC market. In fact, the future
outlook for both VC and PVC was good. In 1979, an industry source
reported “The PVC industry has solved many of the technical and
regulatory problems of recent years and can now look ahead to good
growth and increasing demand from many largest end use sectors”
(CMR, May 1977).
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The VC case (and by implication, the PVC case) illustrates that
chemical producers can weather bans of certain uses and severe work-
place exposure regulations. No plant closings occurred in spite of the
stringent compliance requirements. In fact, only a few years after the
new standards became effective, capacity was expanded.

Case 5: Formaldehyde

This chemical is ubiquitous and used widely in a variety of building
materials and resins. One source estimates that 6 percent of the goods
in the GNP contain formaldehyde (CMR, September 1983).

Table 19 presents the historical formaldehyde production capacity
for the period 1975 to 1983. Note that capacity increased between 1975
and 1978 but declined through 1981. From the values in the table, it
appears that something of a recovery began in 1983.

The regulatory history of formaldehyde remains full of controversy.
In 1979, the Chemical Industry Institute of Toxicology (CIIT) released
the results of a formaldehyde inhalation study on rats. At 14.3 ppm,
nasal tumors were observed. A second study, performed at New York
University, confirmed the carcinogenicity of the substance in rodents.
The results of several epidemiological studies are inconclusive (C&E
News, 1984).

In January 1981, on the basis of the animal study results, the CPSC
proposed a ban on urea formaldehyde foam insulation. It was to
include only the “wet” foam and not other types of dry insulating foam
like styrene bead and urethane board. Between 1975 and 1980, urea
formaldehyde foam was installed in about 500,000 new homes; in 1980,
perhaps because of the negative publicity surrounding the insulation, it
was used in only 6,000 homes. Furthermore, 1,000 installers went out
of business (Hinds, 1982).

In February 1982, the CPSC voted four to one to ban the foam.
Such a ban would affect future installations but would not require
homeowners to remove foam already in place. The ban went into
effect in August 1982. The Formaldehyde Institute filed a suit chal-
lenging the ban in April 1982; a year later, the ban was overturned.
The formaldehyde story was not yet over, however, and the EPA listed
formaldehyde as a priority pollutant under the Toxic Substances Con-
trol Act. In 1985, OSHA announced that it, too, would propose addi-
tional regulations (Weinstein, 1985).

The decline in formaldehyde production capacity in 1981 may have
been partially a consequence of the recession. Indeed, the fortunes of
the chemical are strongly linked to housing. In 1981, the industry
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Table 19

HISTORICAL FORMALDEHYDE PLANT CAPACITY
(In millions of lb)

Producer 1975 1978 1981 1983
Allied 310 310 — —
Borden 1,325 1,575 1,575 1,575
Celanese 1,700 1,734 1,734 2,034
Commercial Solvents 95 — — —
DuPont 1,400 1,470 280 1,470
GAF 100 100 200 200
Georgia-Pacific 720 1,000 1,070 1,065
Gulf 45 60 60 —
Hercules 270 270 170 170
Hooker 135 135 135 —
Monsanto 690 690 690 690
Pacific Resins & Chemicals 95 95 — —
Reichhold 850 820 710 690
Rohm & Haas 25  — — —
Skelly (Chembond) 150 — — —
Tenneco 275 285 240 —
Union Carbide 120 — — —
Wright Chemical 80 80 80 80
Chembond (Getty) — 290 1,470 390
MC — 95 135 135
Nuodex — — — 130
Perkins Industries — — — 60
Total 8,385 9,009 8,549 8,689

SOURCES: CMR (March 1975); CMR (January
1978); CMR (February 1981); CMR (September 1983).

reported that “The protracted slump in housing starts has taken its toll
on the formaldehyde market” (CMR, February 1981). Part of the
decline also may have been attributable to CPSC’s proposal to ban the
foam product. Indeed, the industry stated at the time that, “Fears as
to formaldehyde’s safety have already hurt some markets” (CMR,
February 1981). It was also reported that the major concern of formal-
dehyde producers was “that health questions, which have all but wiped
out the urea-formaldehyde foam insulation business, do not spread to
formaldehyde’s biggest market, resins for particle board. All depends
on the decisions of government regulatory agencies” (CMR, February
1981).
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By 1983, the capacity data show the beginning of a possible
recovery, which may reflect the recovery of the economy as a whole.
Chemical Marketing Reporter noted that the ban on urea formaldehyde
insulation, which affected a very small fraction of the total formal-
dehyde market, was overturned. It did caution, however, that “major
producers are still concerned about future regulatory actions that could
prompt regulations on plywood and particle products made with for-
maldehyde resins” (CMR, September 1983).

The case of formaldehyde is an unusual one. A ban on one formal-
dehyde product was put into effect, and then rescinded. Regulation of
other formaldehyde-based products is presently being considered. A
capacity expansion to the levels in 1978 may not occur unless or until
formaldehyde is given a clean bill of health.

IMPLICATIONS FOR INVESTMENT BEHAVIOR OF CFC-11
AND CFC-12 PRODUCERS

What can we learn from these case studies that bears on the present
case? Will the CFC producers build new plants when they reach the
design limit? Will they debottleneck and take other extension meas-
ures to delay the decision to add capacity? Under the uncertain regu-
latory future of CFCs, will the producers refuse to invest in new plants
until the issue is resolved?

Our case studies represent a range of producer behavior. In the case
of the CFC aerosol ban, the threat of regulation lasted four years until
the ban actually went into effect. In fact, producers decreased capacity
before the ban occurred. This suggests two paths of response. First,
the threat of regulation may have been sufficient to encourage produc-
ers to close plants. Second, producers may have believed regulation
was inevitable. This distinction is important because it implies that
threats of regulation alone do not deter capacity additions. Rather, the
threat, together with a belief that a consensus for regulation exists, will
deter additions.

Another characteristic of the aerosol ban may have contributed to
the early decision to close plants. From the outset, it was clear that
aerosols would be banned first and that regulations on nonaerosol uses
would be considered later. From the beginning, therefore, the industry
knew exactly what fraction of the market would be lost and what share
of the market each producer would lose. The decision about how many
and which plants to close was predictable, and industry reacted early to
a well-defined regulatory scenario with a certain outcome.
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The present CFC situation differs from the aerosol ban in this
respect. That is, there is no certainty either about a consensus for
regulation or about which markets an eventual regulation might affect.
In this light, we would expect capacity additions to continue until there
is more certainty that regulation will occur. This view is supported by
the earlier economic analysis, which shows that producers will not be
strongly affected by regulation if they can operate a new plant for five
years.

Our second case, TCE, differs significantly from the CFC aerosol
ban. It is an example where regulations of one type (air) were imple-
mented state by state before the federal government acted, and where
regulations of other types were only threatened as a result of positive
animal cancer tests. An additional difference is that the actual regula-
tions and further threatened regulations affected virtually the entire
TCE market, metal cleaning.

Producer response was as expected. There was a steady erosion in
TCE capacity as more states adopted stringent standards, and the
threat of further regulation was always present. In this respect, TCE
is unlike the present CFC case. The aerosol ban became effective in
1978 and no additional regulations have been forthcoming. The
analogy of steady erosion is not appropriate because current CFC pro-
duction levels have already surpassed production levels directly follow-
ing the ban. CFCs differ from TCE in yet another way. The market
for TCE is much more homogeneous. The CFCs are considered as a
class and the CFC-11 and CFC-12 markets are diverse. If regulation
were to occur, it could conceivably apply to only a small segment of the
market.

An important characteristic of the TCE case is that there were
readily available substitutes that performed nearly as well as TCE.
Thus, there was no compelling reason for users to continue using a
heavily regulated solvent when others that were not so heavily regu-
lated could be employed instead. In the present CFC case, in some
product areas, there are substitutes or alternative processes available at
little or no additional cost. In others, like refrigeration, there are no
easily employed substitutes.

VC may be the most intriguing case. It differs from the aerosol ban
case because of the very short period between the human cancer find-
ing and the regulation. The VC regulation was anticipated for only
about a year. VC also differs from TCE and resembles the aerosol ban
in that rather than causing a steady erosion, the regulation was defini-
tive and certain. VC is like TCE, however, in that the regulation
affected the whole VC industry.
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The VC case is unlike all the others described here because, in spite
of a severe regulation, no plants were closed and, indeed, capacity
expansion continued to occur at a rapid rate. This behavior suggests
that industry will accept even very restrictive regulations if the outlook
for the product is very good and if no ready substitutes exist. This
characteristic also applies to the present CFC case where, unless an
outright ban occurred, CFCs would continue to be used in certain
applications.

The VC case also illustrates that industry is more comfortable with
certainty. Regulation was proposed, industry argued against it and
claimed immense economic dislocations would follow. The regulation
went into effect anyway and industry adjusted. The certainty of the
regulation even spurred innovation in recovery and other emission con-
trol methods.

The formaldehyde case is an example of regulation in fits and starts.
One government agency (CPSC) instituted a ban that was later over-
turned. Other government agencies (EPA, OSHA) considered, and
rejected, regulation. Both of these agencies are once again considering
regulation. This lack of clear intent has undoubtedly contributed to
the uncertainty of the producers and the decline in capacity. Although
the short-term ban affected only a small portion of the market (urea
formaldehyde foams), the threat of action on other markets (foams,
particle board) increased the uncertainty for the future. This case,
perhaps more than any other here, resembles the present CFC case.
One market was regulated, and government agencies continue to con-
sider regulation of other markets, yet the most recent data show a
capacity increase.

The case of CT was included for two reasons. First, it is a precursor
chemical used primarily for production of CFC-11 and CFC-12. As
such, its capacity declined before and after the aerosol ban. CT pro-
ducers will decide whether to build new plants based almost entirely on
their expectations of future CFC-11 and CFC-12 demand. CT there-
fore represents other CFC precursor chemicals that are more or less
dependent on continued CFC production. It is important to ack-
nowledge that regulation of one chemical can affect the future of many
other chemicals as well.

The second reason for including CT is that it has, itself, been regu-
lated and, more recently, is again under scrutiny. The voluntary agree-
ment by certain producers to discontinue CT production for fumigant
use will cause the fate of CT to be even more strongly linked to that of
the CFCs.



V. RESULTS AND CONCLUSIONS

In this report, we have analyzed possible constraints on future CFC
production that will be encountered over the next 90 years. Two such
constraints appear to be important. First, current CFC production
capacity will be inadequate to support future demand. Second, the
fluorspar reserve base will eventually be depleted. We examine both of
these impediments for one set of CFC production projections.

Our findings are summarized in Table 20, which shows the chronol-
ogy of events relevant to CFC supply. Producers in various countries
will begin to reach their capacity constraints within the next few years.
Debottlenecking can extend the capacity for perhaps an additional five
years. Fluorspar reserves will likely be exhausted in about 45 years,
but the reserve base of fluorspar and phosphate rock, which are not
presently cost-effective sources of fluorine, can extend that date some
30 years.

Our analysis shows that the possibility of future regulation of CFC-
11 and CFC-12 is not a significant deterrent to augmenting production

Table 20

SUMMARY OF TIMES WHEN CONSTRAINTS BIND

Approximate
Event Year
Production Capacity Insufficient
Japan 1986
United States 1990
Rest of World 1990
EEC® 2010
World 1995
Debottlenecked Capacity Insufficient
United States 1995
Rest of World 1995
EEC® 2010
World 2000
Fluorspar Reserves Depleted 2030
Reserve Base Depleted® 2060

"Assuming no exports.
*Includes fluorspar and phosphate rock.

48



49

capacity. Indeed, CFC prices would have to rise only 1 to 10 percent if
only five years of operation were available to recover investments. An
increase in prices of, at most, 40 percent would justify the investment
with just two years to recover the investment.

Palmer et al. (1980) have shown that price increases in this range
would certainly occur if supplies of CFCs were limited, simply because
there are no presently viable alternatives for CFCs in some uses, and
the cost of the CFC in these uses is only a tiny fraction of the total
cost of the product.

The case studies we examine here show a range of producer behavior
under regulation or threat of regulation. In instances where substitutes
are readily available, regulation can cause plants to close. In other
instances, however, where the chemical appears to offer a unique
advantage, even stringent regulation may not cause a capacity decline.
Uncertainty seems to play a strong role in influencing producer
behavior. During the time between threatened and actual regulation, a
producer who believes regulation will certainly occur, and knows the
form it will take, can close plants or expand capacity accordingly. In
the case of CFC-11 and CFC-12, there is no such certainty and it is
this feature that leads to producer protest that potential regulation will
stifle investment in new capacity. Demand for CFC-11 and CFC-12 in
spite of these protests is rising rapidly and we expect producers to
respond by adding capacity in the near future.

Table 20 shows that the present reserves of low-cost fluorspar will
be depleted by about 2030. At this point, we can expect that several
things might happen. On the supply side, even before the reserves are
exhausted, we would expect more exploration aimed at locating addi-
tional supplies of low-cost fluorspar. This activity would be driven by
fluorspar price increases and could be expected to succeed in locating
additional deposits, which may or may not be as cheap to mine as are
present reserves.

On the demand side, if additional low-cost deposits are found, we
would expect the date of this supply constraint to be extended, the
length of the extension dependent upon the size of the new low-cost
deposits. However, if only higher-cost deposits are found, then we
would expect that the increase in fluorspar prices would bring about an
increase in CFC prices and a consequent decrease in demand. Portions
of CFC demand, such as for refrigeration or air conditioning, are
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extremely inelastic and would not expect to be altered substantially.
But other applications, such as flexible urethane foam manufacturing,
are sensitive to prices and would be expected to respond accordingly.’

1A complete discussion of the possible reactions of users to CFC price increases is
beyond the scope of this report because of the large variety of uses that CFCs find in
industry and the many alternative options open to them. Interested readers are referred
to Palmer et al.(1980), Mooz et al. (1982), and Camm et al. (1986) for a more complete
treatment of the subject.



Appendix A

CFC AND PRECURSOR CHEMICAL PRODUCTION
PROCESSES

In this appendix, we present the chemical equations that describe
the CFC-11/CFC-12 production processes and the processes for produc-
ing the precursor chemicals.

CFC Production Processes

CFC-11 and CFC-12 are coproduced by combining carbon tetra-
chloride (CCly) and anhydrous hydrogen fluoride (HF) according to the
following chemical equations:

CCly + HF — HCl + CCIsF (CFC-11) (A1)

CCl, + 2HF — 2HCI + CCl,F; (CFC-12) (A.2)

Precursor Chemical Production Processes

The HF in Egs. (A.1) and (A.2) is produced from sulfuric acid
(H2S0y4) and fluorspar (CaF9) as follows:

CaFy + HySO, — 2HF + CaS0O4 (A.3)

The CCly in Egs. (A.1) and (A.2) is produced using three methods.
The first process uses methane (CHy) and chlorine (Clg) as inputs:

CH, + 4Cl, — CCl, + 4HCI (A.4)
The second process uses carbon disulfide (CSg) and chlorine as follows:
CS, + 2Cl, — CCly + 28 (A.5)

The third process involves adding chlorine to hydrocarbons or partially
chlorinated hydrocarbons containing between one and three carbon
atoms. We describe this process in the following way:

3(CHj) + 7Cly — CyCly + CCly + 6HCI (A.6)
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Appendix B

EXISTING GLOBAL CFC PRODUCTION
CAPACITY

Estimating global CFC production capacity is difficult because of
poor data. There is relatively little information about production in
the USSR, mainland China, and Eastern bloc countries, and although
more is known about the free world, the information is incomplete.

NON-COMMUNIST COUNTRIES

The Fluorocarbon Program Panel of the CMA receives data from all
of the companies manufacturing CFC in the non-Communist countries.
Table B.1 lists all of the participating countries that supply data to the
panel, arranged by country. Where information is known or estimated,
an entry has been made in the table. All data are supposed to
represent CFC-11 and CFC-12 only, but there are some instances
where we are not certain whether other CFCs have been included.

For the United States, we rely upon past estimates made by Rand.
These include only CFC-11 and CFC-12.

For the EEC, we list the total capacity as 480,000 mt. This is the
figure that EEC has agreed upon as a production capacity cap. Since it
is in the producers’ interests to set this cap at the highest possible
level, we speculate that 480,000 mt is the absolute maximum that could
be produced, taking into account debottlenecking of the plants. Actual
present total capacity might be 15 percent or so less.

Within the EEC we have three entries. Spain has reported data to
OECD implying that their CFC-11 and CFC-12 capacity is in the range
of 10,000 to 17,000 mt, which consists roughly of half CFC-11 and half
CFC-12. West Germany also reported a production capacity of 125,000
mt. This includes CFCs other than CFC-11 and -12—probably CFC-
113, -114, -22, and perhaps -502. Consumption of all CFCs in West
Germany in 1979 was reported to be about 76,000 mt, of which solvents
accounted for about 8 percent. CFCs of unstated types are both
exported and imported, with exports exceeding imports by about two to
one. Trying to use these data to estimate actual CFC-11 and CFC-12
capacity is difficult, but it might well be in the range of 100,000 to
115,000 mt. Greece reported to OECD that their 1981 production was
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Table B.1

NON-COMMUNIST COUNTRIES’ CFC-11 AND CFC-12
ANNUAL PRODUCTION CAPACITY

(In thousands of mt)

Holland Canada
AKZO Allied
DuPont DuPont
Total N.A® Total 14.6
France Australia
Atochem N.A® Pacific Chemical
. Australian Fluorine
Spain
Ugimica Total 15
gof,c};l‘% . Mexico
alichemie Quimobasicos
Total 10-17 Halocarburos
W. Germany Total NA»?
Hogchst ) Japan
Kalichemie Asaki 31
Total 125 Daikin Kogyo 39
England DuPont Mitsui 30
nI%:Ian Showa Denko 12
ISC Total 112
Total N.A® South America
Ttal Produven
Y Ducilo SA
Montefluos N.A. DuPont do Brasil
Greece Hoechst do Brasil
SICNG 12 Total N.A®
Total EEC 480 Other
United States Na\_/in Fllsorine.
Allied 66 African Explosives
DuPont 173 Total N.A*
Kaiser 30
Pennwalt 31
Racon 11
Total 308

®N.A. = not available.
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12,000 mt. Their capacity must be equal to or higher than this value.
We have no information about which CFCs were produced.

Outside the EEC, Japan is probably the largest producer. OECD
data show the total capacity to be 112,000 mt. This is confirmed by a
1985 paper (Taya, 1985) in which it is stated that “Japan in 1983
turned out some 110,000 tons of CFCs...” and the statement that
“Japan is operating almost at full capacity . ...” We suspect that this
figure does not include CFC-113, because we note that Japanese Minis-
try of International Trade and Industry data list 1983 production as
127,723 mt, and 1984 production as 149,777 mt. In addition, the 1985
paper states that “CFC-113, aided by the growing electronics industry,
is posting a significant production gain with [sic] Japan, which has just
announced expansion plans, expected to boost output by a wide mar-
gin.”

Australia reported to OECD a 1981 production of 7,000 mt of CFC-
11 and 8,000 mt of CFC-12. They also manufacture CFC-22 but list no
other CFCs.

Canada supplied OECD with a production of 14,600 mt of CFC-11
and -12 in 1981, and their total capacity is higher than this. Unstated
amounts of CFC-113 and -114 are also manufactured.

We know nothing about production capacity in Mexico, South
America, India, or South Africa.

EASTERN BLOC COUNTRIES

Various trade publications reported that Montedison, the parent
firm of Italian CFC producer Montefluos, contracted to build two
30,000 mt CFC plants in the USSR (CMR, March 1975). One of these
plants is in Volgograd and started production in 1981 (MC&AN,
January 1981). The USSR and other Eastern blo¢ countries manufac-
ture refrigerators and other CFC-using goods, and it is reasonable to
believe that they have been producing CFCs for some time.

Mainland China is known to be exporting CFCs to some Pacific Rim
countries. Industry sources state that China probably has a number of
small CFC producers, but no more than this can be said at this time.



Appendix C

DERIVATION OF INPUT-OUTPUT FACTORS

In this appendix, we describe the origin of the input-output factors
presented in Sec. V. We first show the general method of determining
the factors based on the chemical equations of Appendix A.

GENERAL FACTORS FOR CFC PRODUCTION

The amount of a precursor chemical used to produce one pound of
CFC depends on the stochiometric relationship between the input
chemical and the product given by the equations in Appendix A.
Below, we describe the method we used to calculate the precursor
chemical factors. We rely heavily on the technique detailed in Appen-
dix A of Wolf (1980).

In general terms, the factors for precursor chemicals are determined
in the following manner:

Moles of Precursor Chemical
Moles of Product

Precursor Chemical Molecular Weight
Product Molecular Weight

1 1
X Efficiency * 1= Fraction Emitted

Factor =

The factors for the by-product chemicals incidentally produced in the
process are calculated in a similar manner:

Moles of By-Product
Moles of Product

Factor = —

By-Product Molecular Weight
Product Molecular Weight

1 1
X — . ;
Efficiency * 1= Fraction Emitted

The negative sign for a by-product chemical indicates a credit.

55



56

INTERMEDIATE PRECURSOR CHEMICALS

The intermediate precursor chemicals are CCly and HF.
The CCly factors for CFC production can be calculated according to
Eq. (A.1) of Appendix A:

153.84 1 1

For CFC—11: 1am=g X 5999 * 098 ~

1.14

15384 1 1 _
12093 ~ 0.999 ~ 0.98

The HF factors for CFC production can be calculated according to
Eq. (A.2) of Appendix A:

For CFC —-12: 1.30

2001 1 1
For CFC—11: 1a7a X 5ag5 * Gog ~ 01
For CFC —1g; 2x 20.01 1 1 034

12093 < 0.995 ~ 098

The factor for by-product HCl produced from CFC-11 can be deter-
mined from Eq. (A.1) of Appendix A:

36.47 1
13738 * %9 % Gog ~

The factor for by-product HCI produced from CFC-12 can be deter-
mined from Eq. (A.2) of Appendix A:
2 x 36.47 1

~ —1o093 X %97 X Gog -

— 0.26

— 0.58

PRELIMINARY PRECURSOR CHEMICALS

Preliminary precursor chemicals are used to produce the intermedi-
ate precursor chemicals, CCly and HF.

The CaFy factor for HF production can be determined from Eq.
(A.3) in Appendix A:

808 1 1 _
2% 2001 ~ 0.98 ~ 098

The HySO04 factor for HF production in the same equation is:

2.03
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98.08 » 1 y 1
2 x 20.01 098 = 0.98

The factor for by-product CaSO4 production in the same equation is:

136.15 1
_ 136D 098 x = - — 34
5> 2001 < %% > 098 0

The factor for CHy in CCly production in Eq. (A.4) of Appendix A

= 2.55

1s:

16.04 1 1

=0.11
15382 * 096 * To0 ~ O
The factor for Cly in the same equation is:
4x7091 1 1 o9

15384 ~ 096 * 1.00

The factor for by-product HCl production in the same equation is:

4 x 36.47 1
- _ﬁ3,8T x 0.95 x m = — 0.90
The factor for CSs in CCly production in Eq. (A.5) of Appendix A is:
76.15 1 1
15382 ~ 095 © 100 ~ 002
The factor for Cly in the same equation is:
2 x 7091 1 1 - 097

15384 095  1.00
The factor for by-product sulfur produced in the same equation is:

2 x 32.067 1
- 15381 < "% % Gog

The factor for (CHg)3 in CCly production in Eq. (A.6) of Appendix A

= — 040

is:

42.09 1 1
15382 * 09z * 100 ~ O
The factor for Cly in the same equation is:
7x 7091 1 1 _ap

15384 < 092 * 1.00

The factor for by-product CoCly production in the same equation is:
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165.85 1
" Tsagg < 092 g5 — — 09
The factor for by-product HCI production in the same equation is:
6 x 36.47 1

INPUT-OUTPUT FACTORS

The input-output factors depend on the stochiometric factors deter-
mined above and the fraction of each production process used to pro-
duce a given chemical.

In Table C.1, we display the input-output factors for CCly and HF.
In both cases, CFC-11 and CFC-12 are produced exclusively using the
two intermediate precursor chemicals. Thus, the values of Table C.1
are simply the factors given above.

In Table C.2, we summarize the factors for the preliminary precur-
sor chemicals determined from the equations given above.

To determine the input-output factors in CFC production for each of
the chemicals in Table C.2, we need to know how much CCly is pro-
duced according to Egs. (4), (5), and (6). According to a recent SRI
report (Farhad and Elkin, 1985a), current CCly production capacity is
845 million pounds. Footnotes indicate projected 1985 changes that
will result in a total CCly capacity of 745 million pounds. Some 210
million pounds or 28 percent, will be based on the methane process of
Eq. (4); 285 million pounds or 38 percent will be based on the CSy pro-
cess of Eq. (5); and 250 million pounds or 34 percent will be based on

Table C.1

INTERMEDIATE PRECURSOR CHEMICAL
INPUT-OUTPUT FACTORS FOR
PRODUCTION OF ONE POUND

OF CFC-11 OR CFC-12

Chemical or

By-Product CFC-11 CFC-12
cey 1.14 1.30
HF 0.15 0.34

HCI -0.26 -0.58
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Table C.2

PRELIMINARY PRECURSOR CHEMICAL
INPUT-OUTPUT FACTORS FOR
PRODUCTION OF ONE POUND

OF CCl, OR HF

Chemical or Chemical or
By-Product CCly By-Product HF
(Eq. A4) (Eq. A.3)

CH, 0.11 CaF, 2.03

Cl, 1.92 H,S0, 2.55

HCl1 -0.90 CaSO, -3.40
(Eq. A.5)

Cs, 0.52

Cl, 0.97

S -0.40
(Eq. A.6)

3(CHy) 0.30

Cl, 3.51

C,Cly -0.99

HCl -1.38

the process described by Eq. (6). Weighting each of the precursor
chemicals and by-products by these fractions and multiplying by the
factors in Table C.1 leads to the final input-output values of Table C.3.

Table C.3

PRELIMINARY PRECURSOR CHEMICAL INPUT-OUTPUT
FACTORS FOR PRODUCTION OF ONE POUND OF
CFC-11 AND CFC-12

Chemical or

By-Product  CCl, HF CFC-11 CFC-12
CH, 0.03 — 0.04 0.04
CS, 0.20 — 0.23 0.26

3(CH,) 0.10 — 0.12 0.i3
Cl, 2.10 — 2.39 2.73
C,Cl, -0.34 — -0.38 -0.44
S -0.15 — -0.17 -0.20
HCl -0.72 — -0.82 -0.94
CaF, — 2.03 0.30 0.69
H,S0, — 2.55 0.38 0.87

CaSO, — -3.40 -0.51 -1.16




Appendix D

REVENUE REQUIRED TO RECOUP COSTS OF
PROJECTS WITH DIFFERENT LIFETIMES

Concern over the possibility of future regulation can affect the
number of years that corporate planners believe are available in which
to recover the costs of new investment. In the simplest sense, they
may expect an absolute production ban to begin in some future year.
Production from a new plant could continue up to that date. To
understand the implications of corporate concern about the potential
for future regulation, we examine this kind of regulatory threat. We
then ask, given that an absolute ban will begin in some specific future
year, how high would the revenue from the sales of products made
available by the new investment have to be to recover all costs before
the ban began?

This appendix first develops a simple conceptual framework for
examining this issue. It then explains how we used data from Farhad
and Elkin (1985b) in the framework to analyze investment decisions
relevant to CFC-11 and -12. In the process of using this, it explains
why we prefer a different capital cost recovery factor from that implicit
in the Farhad and Elkin analysis. It closes with some general com-
ments on the approach used here.

A CONCEPTUAL FRAMEWORK

Consider a simplified statement of the net present value of cash
flows that the firm expects from a new investment:

T
— + 2[(dt) X (Rt — b x Rt — Ct - At)] (D_]_)

t=1

where I is the investment cost; ¢ is a time index, beginning the year
after construction; T is the expected production life for the project; d is
the discount factor, defined as 1/(1 + r) where r is the firm’s real cost
of capital gross of income taxes;' R; is the real revenues generated by

In this report, we use the terms “cost of capital gross of income tax” and “pretax cost
of capital” interchangeably. Both reflect the fact that income taxes are not explicitly
represented in the cash flow analysis. Hence, we must use a cost of capital that reflects
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selling output; b is a cost factor, assumed to be constant, that covers
variable costs that can be tied to final product sales; C; is real variable
cost related to the output level; and A; is real annual costs independent
of the level of production.

Suppose annual revenues and costs are constant in real terms. Then
the investment planner assumes that cash flow in the first year is —1
and that cash flow during each succeeding year of the project life is
[R x (1 — b) — C — A], where R, C, and A are the constant values of
R;, C, and A; for all t.> The planner expects just to break even if the
expression in (D.1) is zero. With the additional assumptions above,
the condition for breakeven can be expressed as

Rx(1-b-C-A-Ixk=0 (D.2)
where
T
E=[3@NV=r/[1-1/0+n7] (D.3)
t=1

k is simply the capital cost recovery factor that tells us what propor-
tion of investment costs must be recovered each year to amortize the
initial investment and maintain a rate of return on the investment
compatible with the real cost of capital. It is simple to rearrange (D.2)
to indicate how project life, cost of capital, and input costs affect the
revenue from product sales required to allow the firm to break even on
the investment. Call this revenue level the firm’s “reservation reve-
nue,” R,

R =[1/0-b)]xUxk+C+A) (D.4)

In terms of the question that interests us, we want to examine how
changes in T affect k in (D.3) and how these in turn affect R, in (D.4).
The discussion in the text focuses on changes in prices, not reve-
nues. Revenues relevant to our discussion include income from the
sales of CFC-11 and CFC-12. If the prices of CFC-11 and -12 rise by x
percent, revenues also rise by x percent. Alternatively, if the prices of
CFC-11 and -12 rise x percent on average, revenues rise x percent by

both the payment made to the owners of debt and equity who finance new investment
and the payment made to the government, which taxes income from the new investment.
In this sense, the cost of capital is gross of income taxes or calculated before tax (“pre-
tax”) payments are accounted for. This method simplifies cash flow analysis by avoiding
the need to calculate and track tax depreciation cash flows and other provisions of the
tax law specific to investment; the effects of all of these are reflected in the gross-up
required to calculate the pretax cost of capital.

2This is the economist’s classic “one-hoss shay” project profile of cash flows. It is
also the standard assumption used to evaluate investment decisions of this kind.
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definition. Hence, we assume a direct link between the reservation
revenue discussed here and average reservation prices for CFC-11 and
-12 in the text.

THE DECISION TO INVEST IN NEW CFC-11/12
PRODUCTION CAPACITY

Farhad and Elkin (1985b) provide data on the costs of new CFC-
11/12 production capacity and the framework above is designed especi-
ally to accommodate their cost categories. Although these chemicals
are produced jointly, Farhad and Elkin apportion all joint costs to one
chemical or the other. We have no need to distinguish costs for the
two chemicals and hence recombine their data to speak only in terms
of a single plant whose output is 40 percent CFC-11 and 60 percent
CFC-12 (Farhad and Elkin’s assumption). Otherwise, our cost meth-
odology follows theirs closely. Consider each parameter above in turn.

We include in the annual costs of “A” all variable costs not directly
related to production level or nonplant expenses. These include
maintenance material, operating supplies, total labor, plant overhead,
nonincome taxes, and insurance.

The factor b reflects Farhad and Elkin’s judgment that general,
administrative, sales, and research and development expenses amount
to 10 percent of revenues.

Expenses directly related to the production level fall into “C.” They
include the costs of materials (carbon tetrachloride, chlorine, hydrogen
fluoride, caustic soda, and antimony trichloride) and utilities (cooling
water, steam, process water, electricity, natural gas, fuel oil, and inert
gas). The value of the net production of hydrogen chloride, produced
as a by-product, is subtracted from these costs.

Total fixed capital cost is used as I. We assume that the capital
cost recovery factor, k, covers depreciation and return on investment,
both expressed as fractions of total fixed cost in Farhad and Elkin.

Taken together, these costs cover all costs in Farhad and Elkin.
Table D.1 summarizes these costs for the six cases we consider: plants
with design capacities of 50 and 100 million pounds per year, each run-
ning at 50, 75, and 100 percent of capacity.

We use (D.3) to calculate appropriate values of k. These are shown
in Table D.2 for two sets of assumptions. We start with the values
most directly relevant to the Farhad and Elkin data. They assume a
value of k = 0.35 when r = 0.25. Using (D.3), it is easy to show that
their investment breaks even after 5.614 years. Hence, we use this as
the relevant project life in our analysis and look at values of k for
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Table D.1

COST COMPONENTS FROM FARHAD AND ELKIN
(In millions of 1985 dollars)

Operating Investment Variable Annual
Rate (%) Output I (C) (A)
Design Capacity: 50 million pounds per year
CFC-11 5.2 2.515 1.057
50 CFC-12 7.7 5.406 1.586
Total 12.9 7.921 2.643
CFC-11 5.2 3.773 1.058
75 CFC-12 7.7 8.109 1.586
Total 12.9 11.882 2.644
CFC-11 5.2 5.030 1.060
100 CFC-12 7.1 10.812 1.590
Total 12.9 15.842 2.650

Design Capacity: 100 million pounds per year

CFC-11 8.3 5.030 1.194
50 CFC-12 12.4 10.812 1.791
Total 20.7 15.842 2.985
CFC-11 8.3 7.545 1.191
75 CFC-12 12.4 16.218 1.787
Total 20.7 23.763 2.978
CFC-11 8.3 10.060 1.192
100 CFC-12 12.4 21.624 1.788
Total 20.7 31.684 2.980

SOURCE: Farhad and Elkin (1985b), Tables 2 and
3.

NOTE: Variations in the value of A across operat-
ing rates presumably result from rounding error in the
results reported in Farhad and Elkin.

periods shorter than this. Under Case 1, the first two columns show
the capital cost recovery factor relevant to projects with specific lives
when r = 0.25. The second two columns show a related set of capital
cost recovery factors, those relevant to projects whose lives have been
shortened from 5.614 years when r = 0.25.

The second case changes the real cost of capital and the initial life
of the project. It drops the real cost of capital to 0.15, which is closer
to the rate most industrial firms use today gross of income taxes. With
an inflation rate of 4 percent, this implies a market cost of capital of
19.6 percent, which is still high by most standards. It also extends the
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Table D.2

THE CAPITAL COST RECOVERY FACTOR, k

Alternative Reduction in
Project Life Capital Cost Project Life Capital Cost
(years) Recovery Factor (years) Recovery Factor

Case 1. Farhad and Elkin assumption
(r = 0.25, T = 5.614 today)

2 0.6944 3 0.5657
3 0.5123 2 0.4516
4 0.4234 1 0.3889
5 0.3718

Case 2. Rand assumption

(r=10.15, T = 9.919 today)
2 0.6151 7 0.4478
3 0.4380 6 0.3557
4 0.3503 5 0.3017
5 0.2983 4 0.2665
6 0.2643 3 0.2420
7 0.2404 2 0.2241
8 0.2229 1 0.2105
9 0.2096

period of time required to recover the initial investment. If the real
cost of capital is properly chosen, there is no reason to believe that this
period should be shorter than the expected service life of the equip-
ment in question. Ten years is a conservative estimate of the expected
economic life for a CFC-11/12 production plant. We adopt a starting
capital cost recovery factor of 0.20 which, as can be shown with Eq.
(D.3), implies a project life of 9.919 years. We adopt this starting pro-
ject life and then calculate capital cost recovery factors for the second
case analogous to those calculated for the first.

MISCELLANEOUS COMMENTS ON THE APPROACH

This approach makes two important, if technical, assumptions that
could have significant effects on our conclusions. It assumes that the
cost data provided in Farhad and Elkin are accurate, and it assumes
that a change in the prices of outputs and hence outputs would have no
effect on the prices of inputs. Consider each briefly.
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Accuracy of Cost Data

At current prices for CFC-11 and -12, the cost data in Farhad and
Elkin make the production of these chemicals look extremely profit-
able. With a 10 year plant life, the real pretax internal rate of return
on investment in the plants considered in the study ranges from 20.0 to
95.9 percent. For most plant configurations considered, the rate of
return is well above any reasonable expection of the real pretax cost of
capital, even if chemical producers use a large-risk premium in making
their investment decisions. This raises two issues.

First, the costs of producing CFC-11 and -12 may be substantially
higher than those used here. If operating costs are higher, the share of
capital costs in total costs becomes still smaller, strengthening the gen-
eral conclusions of the analysis. If investment costs are higher, on the
other hand, the share of capital costs could be higher. In the absence
of better data, we will continue to rely on the costs estimated by
Farhad and Elkin.

Second, if the costs in Farhad and Elkin are accurate, the reserva-
tion revenue for investment lies well below the revenue available at
current prices. That means that a new regulation that reduced the
period of time available to recover capital costs need not have any
effect on the incentive to invest even if product prices remain constant.
That is, the level of reservation revenue would have to rise substan-
tially before revenues available at current output prices were not suffi-
cient to meet this requirement and continue to allow investment.
Under these circumstances, the arguments in the text become even
stronger.

Effects of Output Prices on Input Prices

The analysis used here assumes that input prices remain constant
when output prices rise. But it is common to expect a positive link
between input and output prices, particularly in an industry that con-
sumes a significant share of the total production of an input like
fluorspar, which the CFC industry does. A rise in the prices of CFC-11
and -12 can raise the demand for inputs to the production of these
chemicals. This rise in demand would put upward pressure on input
prices unless those inputs are available in highly elastic supply. Highly
elastic supply of a large fraction of a natural resource like fluorspar is
unlikely, particularly in the short period of a few years emphasized in
the text. Hence, it might be argued that holding input price constant
overstates the effect of rising output prices or revenues on the profita-
bility of new investment.
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This line of argument is misleading. If producers have truly reached
their capacity constraint, rising demand for CFC-11 and -12 cannot be
translated into rising demand for inputs. No matter how high the
prices of CFC-11 and -12 rise, demand for inputs like fluorspar is fixed
by the binding level of capacity. Any increase in product demand is
immediately translated into a demand for new capacity to remove the
binding constraint on meeting new demand. This only reinforces the
arguments made in the text that all incremental revenues flow to the
owners of capital, including new capital.
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