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Mauna Loa Observatory, NOAA 

"A Dire Forecast for Greenhouse 
Earth" The Washington Post 

"Swifter Warming of Globe 
Foreseen" The New York Times 

"The Silent Summer, Ozone 
Loss, and Global Warming: 
A Looming Crisis" 

,\Tews week 

r \..,•,qJt 111tt· t11r 
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" T he greenhouse effect" ... this term 
is part of the public vocabulary 

now. In just a few years, it has changed 
from a scientific curiosity to a major 
policy issue for industries and 
governments all over the world. 

Why? How did a question of 
seemingly academic interest sudde nly 
become the subjec t not only of 
headlines and talk shows. but of 
government hearings a nd international 
negotiations'? 

Simply put. the greenhouse effect is 
the process in which heat radia ting fro m 
the earth's surface is trapped by gases, 
s uch as carbon dioxide and methane, in 
the a tmosphere. The increased hea t 
res ults in a rise in global tcmpP.rutures 
which may significan tl y ,titer clim<1te 
patterns. Scientis ts have known a nd 
studied this effect fo r decad1:s , bu t on ly 
recently have they reached the 
fundamental consensus that rising levels 
o f green ho use gases m.iy tl1rt!<1 ten the 
future of our pl<111et . \:ow the 
implic.itions of thdt possibil ity .1re 
rt!aching go\'t!rn111e11ts . 

The gw1 •nlwt1se 1• ffoct n·.ti:llt'd .i rww 
st.igt! in its 1!\'1d ut io11 .is ,1 ptJltc \' i,s llt! in 

The .\fauna Loa Obserrntorv necir I lilo . 
Ha wai i, is part of the Geophrsica l 
Monitoring for Clima tic Clwnge 
program run by the ,\lu!iurw l Oceunic 
and Atmospheric AJminis!rution . The 
Observatorv's ca rbon dioxide 
monitoring· records da te back to l 9'i8 . 

1979, when four eminent scientists 
reported to the Council on 
Environmental Quali ty (CEQ) that 
" ... man is se tting in motion a series of 
events that seem certain to cause a 
s ignificant warming of world clima tes 
unless mitiga ting steps are taken 
immediately." The authors were 
ecologist George Woodwell, one o f the 
first to exa mine the role of deforestation 
in the buildup of ca rbon dioxide: 
geophysicist Gordon \lac Do na ld, unc of 
CEQ's original members; David Keeling 
of the Scripps Ins titute of 
Oceanograp hy. who coo rdin<1ted 
continuous meas ure ments o f c.irhon 
dioxide in the <1tmosph1!rn: ,111d 
oceanographe r Roge r Re\'t• llt-!, \\'ho 
t-?s tablished the cc1 rbo11 dioxidu 
monitoring , ldtion J I \! ,1u11,1 l.u.i i11 
!Ltwaii i11 l ~."i7 ,111d \\'ho, h.1in·d tlt1 • 



1977 Nation al Research Council report. 
"Energ\· and Climate." 

At about the same time, th e National 
Academy of Sciences al so began a study 
of the greenhouse effect. After reviewing 
available atmospheric models and 
analyses of past climates , the study 
chaired by meteorologist Jul e Charney 
concluded that "We have tri ed but have 
been unable to find anv overlooked or 
underestimated physical effects that 
could reduce the estimated global 
warming due to a doubling of CO2 
(carbon dioxide) to negligible 
proportions or reverse them altogether." 
The study estimated that a doubling of 
CO2 in the atmosphere would raise 
global temperature by 3°C, plus or 
minus 1 1/2°C. 

The greenhouse problem was debated 
in yet another forum that year when the 
Carter administration proposed a major 
synthetic fuels initiative. In The 
Washington Post, Gordon MacDonald 
argued that synthetic fuels produced 
even more carbon dioxide per unit of 
energy than coal, oil, or natural gas. 
MacDonald warned that subsidizing 
synthetic fuels was a mistake that 
would only increase U.S. dependence 
on CO2 intensive energy systems. 

The controversy attracted the interest 
of then U.S. Senator Abraham Ribicoff, 
who had recently been warned of the 
greenhouse effect by West German 
Chancellor Helmut Schmidt. Ribicoff 
convened a Senate symposium on the 
subject. The result was an amendment 
to the synthetic fuels legislation of 1980 
mandating that the National Academy of 
Sciences undertake another. 
comprehensive, review of the problem. 
Also in 1980, the National Commission 
on Air Quality held a workshop on the 
greenhouse effect as part of its review of 
the Clean Air Act. That workshop may 
have been the first study to concentrate 
solely on public policy issues rather 
than science aspects of the problem . 

In January 1981. under the leadership 
of Gus Speth , the Council on 
Environmental Quality released its 
report on the CO2 problem. After 
analyzing the reductions in CO2 

emissions that would be needed to keep 
levels below 1 1/2 times preindustrial 
levels, CEQ concluded that "the 
potential risks from even moderate 
increases in the burning of fossil 
fuels ... underscores the vital need to 
incorporate the CO2 issue into the 
development of United States and global 
energy policy." Adding a major 
dimension to the problem, scientists at 
the Goddard Institute of Space Studies 
concluded later that same year that CO2 

was not the only problem gas: meth arw . 
tropospheric ozone. nit rous oxides . and 
chlorofluorocarbons (CFCs) could also 
contribute signifi cantly to warming the 
atmosphere. 

The Environmental Protection Agency 
made its first contribution to the debate 
in 1983, when it released its report "Can 
We Delay a Greenhouse Warming?" 
EPA 's report concluded that levels of 
atmospheric greenhouse gases were 
already high enough to trigger a global 
warming. and that economic momentum 
would ensure even furth er warming. 

Based on his climate models. 
Hansen projected that 
significant warming might be 
observed within five to 15 
years. 

The report further concluded that global 
temperatures would rise by 2°C within a 
relatively short time, even with major 
reductions of CO2 emissions, although 
such reductions could have an impact 
in the long run . 

EPA's report was followed shortly by 
Changing Climate, the greenhouse study 
of the National Academy of Sciences. In 
contrast to EPA 's conclusions about 
fossil fuel use and CO2 buildup, the 
Academy judged that "We do not 
believe that the evidence at hand about 
COz-induced climate change would 
support steps to change correct fuel use 
patterns away from fossil fuels." 

Perhaps the Academy report calmed 
public fears. At any rate, the issue faded 
from the public eye until 1985, when 
new scientific information , a key 
international conference, and a series of 
Congressional hearings combined to 
return the greenhouse effect to public 
awareness. 

Early in 1985, scientists V. 
Ramanathan and Ralph Cicerone and 
their colleagues from the National 
Center for Atmospheric Research 
announced that not only were other 
greenhouse gases contributing as much 
to global warming in the 1980s as CO,, 
but also that these gases could 
eventually surpass carbon dioxide in 
their contribution to the greenhouse 
effect. These findings reinforced the 
growing consensus that some global 
warming was inevitable and that it 
would occur rapidly . 

An international meeting in October 
1985 came to the same conclusion. 
Under the auspices of the United 
Nations Environment Programme and 
the World Meteorological Organization , 

scientists from 29 natiom met in 
Villach . Austria. and agrnrd th at "sonH' 
warming of climut r. now apprar~ 
inevitabl e; the rate of future warmi ng 
could be profoundly affected by 
government policies on energy 
conservation, on use of foss il fu els, and 
emission of some greenhouse gases ... 

Following on th e heels of the Villach 
conference was a Senate hea ring 
convened by Senator David 
Durenberger, as well as a call by Senator 
Albert Gore for an international "Year of 
the Greenhouse" to focus attention on 
the problem. Gore was not new to the 
issue, having conducted hearings on the 
greenhouse effect in 1982 and 1984 
while he was a member of the U.S. 
House of Representatives. The pace 
quickened in 1986, when the World 
Meteorological Organization, the 
National Aeronautics and Space 
Administration, and numerous other 
agencies issued a three-volume report 
on atmospheric ozone. The report 
detailed the rapid atmospheric changes 
occurring as a result of human activity. 
particularly the greenhouse effect and 
the depletion of the protective ozone 
layer in the stratosphere. Concluded the 
report, " There is now compelling 
evidence that the atmosphere is 
changing on a global scale." Finally, 
Senator John Chafee's hearings in June 
of 1986 brought together key scientists 
and government officials to discuss the 
problem. Perhaps the most significant 
testimony came from Dr. James Hansen 
of the Goddard Institute for Spac1t 
Studies. Based on his climate models, 
Hansen projected that significant 
warming might be observed within five 
to 15 years. 

This was a surprise to many 
observers . The greenhouse problem had 
been viewed as taking decades to 
develop, and , indeed , doubled levels of 
carbon dioxide in the atmosphere were 
still projected to occur decades from 
now. It was the possibility that warming 
could occur at much lower levels of CO, 
that suddenly became a serious issue for 
government policymakers to address. 

The Chafee hearings raised the 
visibility of the greenhouse issue. 
making it a more likely fa ctor in poli cy 
discussions. Senator Chafee moved the 
issue another step by asking EPA to 
develop a set of policy options for 
stabilizing the level of greenhouse gases 
in the atmosphere. When completed , 
this study should mark the beginning of 
another era for the greenhouse effect 
and the problem of global warming. D 
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EPA is charged by Congress to pro­
tect the nation's land. air. and 
water sys tems. Under a mandate of 
national environmental laws. the 
agency strives to formulate ,rnd im­
plement ac tions whi ch lead to a 
compatible balance between hu­
man activities and the ability of 
natural systems to support and 
nurture life. 

The EPA Journal is published by 
the U.S. Environmental Protection 
Agency. The Administrator of EPA 
has determined that the publica­
tion of this periodical is necessary 
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Ozone Protocol Schedule 

UNEP Executive Council, Narobi 

Comments on Chairman's Text (of April 30, 1987) 

Meeting of Chairman's "informal" small group 
of representative delegation heads in Brussels 

Meeting of lawyers and drafters at the Hague 

Ad hoc group of experts, Montreal 

Diplomatic Conference, Montreal 



Ad Referendum 

Tolba's (April 30, 1987, Geneva) Text on 
Control Measures 

o Freeze at 1986 levels of production/consumption of 
CFC 11, CFC 12, CFC 113, [ CFC 114 and CFC 115 ] within 
[2] years after entry into force of protocol. 

o 20% reduction of 1986 levels within [4] years. 

o 30% additional reduction of 1986 levels 

o within [6] years if the majority decide 

o within [8] years unless 2/3 otherwise decide 

o Science/Policy review in 1990 and at least every four 
years thereafter to decide on new substances, schedules, 
etc. 



NOAA POS IT ION 

I. Controls 

Voluntary freeze at 1986 levels and voluntary 
ban on (non-essential) aerosols within 1 year 
after signing protocol. 

A. First Step 

1. Freeze "emissions" at 1986 levels. 

o include CFC 11, 12, 113, 114, 115 and 
Halons 1211, 1301. 

o scheduled 0-2 years after entry into force 

2. 20% Reduction 

o include CFC 11, 12, 113 
o scheduled 2-4 years after entry into force 
o subject to amendment by contracting parties on 

consideration of the scientific, technical 
and economic assessments* 

B. Second Step 

o 20-50% reduction 
o include CFC 11, 12, 113 
o within 8-10 years after entry into force 
o subject to confirmation by contracting parties 

on consideration of the scientific, 
technical and economic assessments* 

C. Third Step 

o 20-95% reduction 
o include CFC 11, 12, 113 
o within 14-16 years after entry into force 
o subject to confirmation of contracting parties 

on consideration of the scientific, technical 
and economic assessments* 

II. Scientific Assessment 

o Next major review in 1990, then at least every 4 
years thereafter; minor reviews at least every 2 
years; technical and economic assessments to be 
conducted in parallel with scientific assessments. 

* Process for consideration by contracting parties to be 
determined. 



Tolba's Text 

Freeze at 1986 levels 
CFC 11, 12, 113 [ 114, 115] 
[ 2 ] years 

20% Reduction 
CFC 11, 12, 113 [114, 115 ] 
[4 ]years 

[50%] Reduction 
CFC 11, 12, 113 [114, 115] 
[6 ]years if 1/2 
[8 ]years unless 2/3 

Science/Policy 
Every 4 years 

NOAA Position 

Freeze at 1986 levels 
CFC 11, 12, 113, 114, 115 
Halon 1211, 1301 
[0-2] years 

20% Reduction 
CFC 11, 12, 113 
[2-4] years 

[20-50%] Reduction 
CFC 11, 12, 113 
[8-10] years if Science 

[20-95%]Reduction 
CFC 11, 12, 113 
[14-16] years if Science 

Science/Policy 
Every 4 years 



Proposed Control Protocol 

o Freeze at 1986 levels 
CFC 11, 12, 113, 114, 115 
Halons 1211, 1301 
[ 2 ] years 

o 20% Reduction 
CFC 11, 12, 113 
[ 4 ] years 
unless parties decide based on science 

o [50%] Reduction 
CFC 11, 12, 113 
[ 10] years 
if parties decide based on science 

o [95%] Reduction 
CFC 11, 12, 113 
[ 16 ] years 
if parties decide based on science 

o Science/Policy Reviews 
Begin 1990 
and every 4 years 



Proposed Timetable 

0 1988 Entry into force 

2 1990 Freeze 
Science/Policy Review 
Decide [A] Reduction for year [ 10] 

4 1992 20% Reduction 
CFC 11, 12, 113 

6 1994 Science/Policy Review 
Decide [B] Reduction for year [16] 
Review [A] Reduction 

8 1996 

10 1998 [A] Reduction 
Science/Policy Review 
Review [ B] Reduction 

12 2000 

14 2002 Science/Policy Review 
Review [B] Reduction 

16 2004 [B] Reduction 

16 2006 

18 2008 Science/Policy Review 



OZONE PROTOCOL 
TRADE WORKING GROUP 

OPTIONS FOR CONTROL FORMULA 

CONTEXT/OBJECTIVES 

In seeking to develop an appropriate formula for defining "emis­
sions" of controlled chemicals, the U.S. needs to review each 
possible option in relation to broad U.S. objectives in the 
negotiations and other countries' objectives which may need to be 
accommodated to reach agreement on the protocol. U.S. objectives 
include: (1) broadest possible participation by all countries, 
including developing countries, in the protocol; (2) broadest 
possible coverage of major ozone-depleting chemicals; (3) simplicity 
from the point of administration and compliance; and ( 4) least 
distortion to individual economies and international trade. The 
U.S. is neither a major importer nor a major exporter; however, 
other countries in one or the other of these categories will wish 
to assure security of import supplies or export markets and some 
provision to meet these concerns is likely to be necessary. 

In summary, the objectives are: 

1. Broadest participation not only by developed countries but 
also by developing countries. To accomplish this, the 
formula should be simple and easy to comply with, should 
result in prices of CFCs to developing countries not being 
too high (to discourage them from building new capacity), 
and should assure adequate supply access for all net importing 
countries, both developed and developing. 

2. Ease of administration and compliance verification. 

3. Least interference with international trade. 

4. Capable of serving as basis of consensus. To meet this 
test, any formula must satisfy three general groups: The EC, 
which is insistent that any formula include controls on 
production; the net-importing developed countries (Nordics, 
New Zealand and Canada), which require assurance that they 
will not be cut off from essential imports; and the developing 
countries, which insist on assured (and increasing) supplies 
of CFCs and affordable prices. 

DISCUSSION OF OPTIONS 

The following options1 have been suggested for defining "emissions" 

1All options are assumed to include an adjustment term for 
"quantities destroyed using methods approved by the Parties" in 
accordance with a consensus reached during the April 27-30 UNEP 
meeting in Geneva. Such methods will be determined at a later 
date and could include permanent encapsulation. 



2 

of controlled chemicals in the UNEP protocol currently being 
negotiated: 

A. Apparent consumption ("adjusted production"), equal to 
domestic production plus imports minus exports. This 
option, which has been the U.S. position, would offer the 
greatest flexibility on trade and would, in principle, 
respond to concerns of net importing countries regarding 
security of supply. It thus meets the objectives of broad 
agreement and least interference with trade. Administration 
and compliance could be more difficult than for options 
based primarily on production controls. Its primary problem 
is that it does not meet the EC requirement of including 
such controls, and for this reason is unlikely to be the 
basis of a consensus including the EC. There is also some 
debate about whether it would lead to lower CFC prices, thus 
discouraging rather than encouraging the development of 
alternatives. The situation of developing countries is also 
a problem not only with this option but in fact with all 
options, and therefore is discussed separately below. 

B. Production and imports, separately. This option was the EC 
position going into the Geneva meeting. It is less flexible 
( and therefore less "free trade") than the U. s. apparent 
consumption approach. It does not deal with the concerns of 
net importers regarding supply access. on the other hand, 
it is easier to administer and comply with and will cause 
CFC prices to rise, thus providing incentives for development 
of alternatives. 

c. Production and exports, separately. This is a recent 
proposal by Mike Kelly (Department of Commerce ITA). It is 
less "free trade" than option A and its effects at this 
point are not well understood. In general, it appears 
similar to option B if the export control is interpreted as 
a "floor" rather than a "ceiling." The principal problem 
with it at this point is that it is a new proposal which has 
no supporters yet among those which need to join in any 
consensus, and there is probably not sufficient time to try 
to persuade other countries to abandon all the existing 
proposals in favor of this one unless it has clear advantages 
over all other existing proposals. 

D. Production and "free trade. " This proposal has various 
forms, including those by Martin Bailey (Department of State) 
and Konrad von Moltke (Conservation Foundation). In principle, 
it offers some advantages if an appropriate mechanism can be 
found to assure markets will operate in a "pure" nondiscrim­
inatory way. Unfortunately, most suggestions for accomplishing 
this involve some form of government intervention, which 
partially defeats the original purpose of allowing markets 
to allocate supply. It also has the same disadvantage as 
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option c in that it would require a major effort to persuade 
other countries to switch their support from the options 
discussed to date. 

E. Production and consumption. separately. This option, which 
emerged during the April Geneva meeting, basically combines 
options A and B, with production and imports being frozen 
during the initial control period (first two years) and then 
production and apparent consumption being reduced in parallel. 
It is less flexible than either option alone, but has the 
primary merit of being the leading candidate for a consensus 
view. The main stumbling block (aside from the developing 
country issue) is the necessity of including some provision 
to assure net importers of supply access. 

Developing Country Perspective. Most developing countries are 
concerned that they will be deprived of the economic benefits of 
CFCs at a period in their development when they most need them. 
Thus, they want to be allowed to increase their domestic consumption 
over 1986 levels (which lets out options A and E). Even if they 
are allowed to increase consumption, they still must find a 
source of supply at prices they can afford. If production is 
capped, they will be unable to build their own capacity and would 
be unable to obtain supply from developed countries except at a 
very high price necessary to buy it away from traditional users. 
This problem is associated with options B, C, D and E. Thus, 
there is no option which will satisfy developing countries unless 
it includes special provisions to allow both an increase in their 
consumption and an increase in production to meet this need. 
These countries will be indifferent to all the options except to 
the degree the special provisions deal with their concerns. 



CONCEPTS FOR U.S. POSITION ON INTERNATIONAL PROTOCOL AND NON-REGULATORY 
DOMESTIC PROGRAMS TO PROTECT STRATOSPHERIC OZONE 

1. Freeze at 1986 production level within two years after entry into 
force. 

(a) Chemical coverage: the most ozone-depleting chemicals, which are 
the fully halogenated CFCs (CFCs 11, 12, 113, 114 and 115) and 
Halons 1201 and 1311. 

(b) Entry into force when sufficient number of countries, determined 
by formula, sign and ratify. Formula, premised on need tor 
maximum global participation, would require participation by 
countries which, in the aggregate, currently account tor very 
substantial, specified percentages of (i) total global 
production of covered chemicals and (ii) world population. 

(c) To encourage participation by current non-producers (such as 
developing nations, whose participation is essential), but to 
avoid excessive emissions, permit current non-producers to meet 
their own needs with their own production and imports without 
restriction until 2000. 

2. Twenty percent reduction by participants (subject to l(c), above) 
when: 

(a) Major international scientific, technological, health and 
economic review has been completed following year in which 
freeze occurs; 

(b) Following such review, decision to proceed with the reduction is 
made by majority vote of participants not in material breach of 
freeze (with weighted voting to take into account countries' 
relative production levels of covered chemicals); and 

(c) At time of vote, participation still exists by countries per 
formula in l(b) applied on basis of data as of year-end before 
the vote. 

3. President commits to: 

(a) Major, accelerated, urgent national research program by U.S. 
(alone and in cooperation with other countries) to supplement 
protocol. Objective is to seek development of: safe and 
technologically feasible substitutes; technology to mitigate 
effects of covered chemical emissions on stratospheric ozone; 
and technology, medical procedures and treatment to mitigate 
adverse effects of excessive exposure to ultra-violet radiation. 
DPC to commence immediately to develop program options. 

(b) Seek further protocol reductions, which may be more or less than 
cumulative 50¼ reduction below freeze level, within five years 
after a 20¼ reduction becomes effective, if: 

(i) Major international scientific, technological, health and 
economic has been completed following three years after 20¼ 
reduction has occurred and, in light thereof, President is 
satisfied that further reduction is appropriate; and 

(ii) At time of Presidential decision, protocol participation 
still exists by countries per formula in 1(b) applied on 
basis of then-current data, and President is s a tisfied with 
participants ' compliance. 



Compromise Option 

1. Freeze at 1986 level within two years of entry into force. 

broad coverage of the most ozone-depleting 

2 . 

chemicals: the fully halogenated chlorofluorocarbons 
and Halons 1211 and 1301. 

Maximum number of countries 

Twenty percent reduction below 1~86 lev~l witpin two years 
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(/,s I t' 
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re:st.riction [until 2000 j [ unt.:i 2 s ·.1bsti tut.es arE. 
available]. 

Likely to maximize participation. 

Stops growth before emissions by current 
non-producers become too large. 

~I l7 l .J.- L 

~- President commits to: 

A major accelerated urgent n2tional research progra~ 
through UNEP and our o·v,T, agencies. 

A further reduction ~ up ~O t@w:i::tM.ir. ~ years 
of the 20% reduction1 if the following triggers are 
met : e" ~ ,_,l,,.. ,, r,· ½ p t,.,,A.,-c,-1 ,e ("cA..._ l'"Y' 1 1 r • ~ 

o Efforts to bringJ_substitutes to commercial 
status are not adequate, i.e., no substitutes 
are in the EPA licensing process. 

o Research shows that a greater and more rapid 
deterioration is taking place than the 
natural variation. 

o Participation by ~roducing countries exceeds 
% of worl~ production capacity. 



ATMOSPHERIC OZONE RESPONSES TO CHLORINE/BROMINE EMISSIONS 
IMPLICATIONS OF CFC/HALON POLICIES 

A Summary of the current Scientific Understanding 

I. THEORY 

A. 

B. 

c. 

ozone responses to continued chlorine/bromine 
emissions at or greater than current rates 

predicted ozone response 

reduction in global-average 
column ozone 

change in the vertical 
distribution of ozone 

latitudinal dependence of 
column ozone change 

environmental issue 

higher surface UV 

atmospheric circu­
lation change and 
greenhouse warming 

increased surface 
UV at higher 
latitudes 

What would a true global freeze achieve? 

Current Science: 

o Continued growth of CFC/Halon emissions are 
predicted to cause substantial loss (several 
percent) of global average column ozone eventually 
(within 75 years). 

o A zero-growth rate i.e, a "true global freeze" 
of CFC/Halon emissions is predicted to yield 
global-average column ozone changes less than 
about 2% over 75 years, assuming continued 
CO2,. and methane growth. 

o The lifetimes of the fully halogenated 
CFC/Halons are many decades; those of the 
partially halogenated compounds are shorter. 

IMPLICATION 

0 A freeze, starting sooner rather than much 
later, of the fully halogenated CFC/Halons 
is consistent with limiting predicted 
perturbations in the global-average column 
ozone. (Response A) 

o Response (B) and (C) remain 

• What would a "protocol freeze" plus 20% reduction 
achieve? 



Practical Considerations: A "protocol freeze" will not 
yield a-zero growth of the chlorine/bromine emissions 
into the atmosphere because: 

not all countries will sign the protocol, 

not all signers will comply 100%, and 

not all chlorinated/brominated compounds 
will be included in the protocol. 

Hence, a "protocol freeze", followed shortly by an automatic 
20% reduction would come closer to achieving an actual zero­
growth release rate into the atmosphere. 

• What would a substantial reduction beyond a true 
global freeze achieve? 

Current Science: 

o Interplay of atmospheric circulation and ozone 
chemistry predict that losses in column ozone 
will be larger at higher latitudes than at the 
equator. 

o Even at zero-growth CFC/Halon emissions, 
substantial local ozone losses are predicted 
in the upper stratosphere and ozone increases 
are predicted in the lower atmosphere. 

o The upper-stratopheric losses will cool that 
region, hence may change circulation patterns 
and climate, and the lower-atmospheric 
increases will add to a greenhouse warming. 

Implication: A substantial reduction in the fully 
halogenated CFC/Halon emissions beyond 
a true global freeze is consistent with 
limiting predicted pertubations in 
column ozone at high latitudes and local 
ozone at high altitudes. (Response B 
and c). 

• What is the confidence in this theory? 

Man-made chlorine is known to be in the 
stratosphere, about a factor of four greater 
than natural chlorine. 

A chlorine atmoshere in the stratosphere 
will destroy ozone molecules. 

For the past 12 years, 75-year predictions 
of all global-average column ozone changes 

2. 



due to chlorine have been depletions of 
(ll.±.7%). 

Except for a 30-50% underprediction of 
ozone abundance in the upper stratosphere, 
the current global models correctly predict 
the abundances of several ozone chlorine-
related species typically over 2 orders of 
magnitude. 

The recognized undercertainties in the 
theorical models is estimated to produce a 
factor of two uncertainty in the prediction 
of long-term global-average column ozone 
depletion. 

II. OBSERVATIONS 

• Global ozone variation: 

Global-average column ozone has been 
observed to increase from 1960 through 
the mid-1970's and to decrease there­
after. 

The scientific community is currently 
divided as to whether the downward 
trend of recent years is natural vari­
ations alone or has a chlorine-induced 
component. 

• -, Antarctic ozone decrease 

It is real. 

The cause (natural or man-made) is 
unkown. 

The global consequence§re unknown. 

Implication: The current observations of ozone 
changes (global or Antarctica) 
neither prove nor disprove the 
ozone/chlorine theory. 
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III. EFFECT OF NEW SCIENTIFIC INPUT 

• Short-term (1-2): The known potential · new sources of 

I 

• 

of information: 

understanding of the downward trend in global 
.. ozone, 

identification of the cause of Antarctic ozone 
loss, and 

global implications of Antarctic ozone loss, are 
unlikely to weaken the theoretical conlusions of 
Part I. They primarily only have the potential 
to strengthen the implications. 

Longer-term (2-4 years): The circulation/climate 
implications of redistribution of vertical ozone and 
the latitude effect is likely to be significantly 
better understood. Hence, the implications of a 
reduction would be better grasped. 

Much-longer term (1-2 decades): The COL and CH4-
trends and sourcessinks will be much better under­
stood. Since both are "greenhouse" gases, it seems 
unlikely that public policy would allow significantly 
higher growth rates would strengthen the above 
theoretical implications. 

i 
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Foreword 

Seldom has an issue been so dramatically transformed 
in its content, urgency, and policy dimensions in so 
short a time as the fate of the stratospheric ozone layer 
was in 1985-86. 

The role of chlorofluorocarbons (CFCs) in destroying 
the ozone layer that shields the earth from incoming 
ultraviolet radiation has been modeled and debated 
since the reaction was first hypothesized by Molina and 
Rowland in 1974. The urgency of the issue has 
fluctuated widely with scientific estimates of the rate of 
ozone depletion and the tides of new hypotheses, 
assumptions, and models. One cannot say for certain 
that five years hence we will not look back on this 
period as just one more temporary peak of concern. 
However, several events of the past 18 months suggest 
that the issue has been profoundly and permanently 
transformed. 

Among these events was the signing of the Vienna 
Convention for the Protection of the Ozone Layer, 
establishing for the first time the framework for a 
cooperative global pollution-control agreement, and 
moreover one that attempts to anticipate and avert, 
rather than clean up, a problem. In both regards, the 
Vienna Convention established an international 
precedent. If the negotiations of the coming year are 
able to add regulatory teeth to this framework, the 
Convention will also have broken through an important 
psychological barrier-what people see as the limits of 
international cooperation. 

In 1985 came the stunning announcement of the 
discovery of a "hole" in the ozone layer, a hole the size 
of the continental United States. Although its causes 
and impacts are not yet understood, the Antarctic hole 
has already dramatically altered the policy landscape by 
underscoring the potential for large unanticipated 
atmospheric changes, the possibility of sudden 
threshold effects rather than smooth incremental 
change, and the size of the stakes in the unplanned 
global experiment on which mankind is embarked. 

Also during this period, the expected rate of the 
greenhouse warming accelerated as the role played by 
the so-called non-CO2 greenhouse gases-among them, 

CFCs and tropospheric ozone-became clearer to 
scientists. With a warming equivalent to what a 
doubled CO2 level would cause now expected as soon 
as the 2030s, the greenhouse question shifted from th 
arena of pure research to that of policy analysis: from 
questions of what would happen and why to questions 
of what should be done. Scientists meanwhile added a 
new dimension to an already complex problem by 
insisting that because of the many connections between 
them-chemical overlaps and feedback loops- climate 
change and stratospheric ozone depletion must be 
understood and addressed as a single, integrated 
phenomenon. 

The fall of 1986 saw the fourth of these major 
milestones. This was the endorsement by U.S. and 
European users and producers of CFCs, and separately 
by DuPont, the largest single CFC manufacturer, of 
limits on CFC production. The shift in industry's 
position, especially its recognition that action should b 
taken despite large remaining scientific uncertainties, 
marked a major step forward . 

The fate of the ozone layer is far from settled, 
however. How CFC emissions might be curbed, how 
such actions might be internationally enforced, how th 
burden should be shared among developed and 
developing countries, what level of restriction current 
scientific certainty justifies, and what types of 
regulation would minimize economic costs and indu 
the innovation that will bring safer substitutes all 
remain unanswered questions. 

These questions are the subject of this particularly 
timely report, which analyzes the various possibilities 
technical and institutional-of the now-transformed 
policy picture . Based on their analysis of the latest 
discoveries and developments, the authors propose a 
bold but soundly based regulatory plan that might 
provide the foundation for a successful global respon 
to the atmospheric challenge before us. 

Jessica T. Mathews 
Vice President and Research Director 
World Resources Institute 



Introduction 

Governments around the world will soon decide 
whether to adopt policies that could determine 

the fate of the ozone layer-the earth's shield from 
harmful ultra-violet radiation. The Vienna Convention 
for the Protection of the Ozone Layer, signed on March 
22, 1985, created a framework for scientific cooperation 
and initiated a two-year program of workshops and 
information exchange that will form the basis for a 
e.rotocol on the control of substances thought to 
threaten the ozone layer.1 As of mid-1986, 28 countries 
had signed the Convention, including the major 
producers and users of chlorofluorocarbons (CFCs), the r most important of the suspect chemicals. The United J 

L States Senate ratified the Convention in July 1986. 
The United States is also reviewing the need for 

further domestic regulatory action. The Clean Air Act 
requires controls on any substances that the 
Environmental Protection Agency (EPA) determines 
"may reasonably be anticipated to affect the 
stratosphere, and to .. . endanger public health or 
welfare."2 After being sued by an environmental 
group, the Natural Resources Defense Council, EPA 
announced its intent to determine the need for and 
form of any U.S. regulation by November 1987-a date 
chosen to parallel the Convention process and put 
domestic action in line with international negotiations. 3 

~ scientific deve]QJ2_ments have increased the 
~rgency of governmental deliberations . In 1985, British 

scientists reported finding losses of ozone in the 
Antarctic in spring that are far greater than current 
atmospheric models can explain. 4 Nationai Aeronautics 
and Space Administration (NASA) satellite 
measurements have confirmed these ozone 
measurements, the lowest ever recorded over the earth. 

In June 1986, EPA and the United Nations Environment 
Programme (UNEP) jointly sponsored a week-long 
conference on ozone depletion and climate change, 
highlighting the wide-ranging risks that such changes 

pose to human health and the environment. 5 

Summanzmg the status of atmospheric science, a 1986 
report by NASA to Congress concluded that "society is 
conducting a giant experiment on a global scale by 
increasing the concentrations of trace gases without 
knowing the environmental conseguences."6 

Governmental decisions concerning ozone depletion 
will also greatly influence the "greenhouse" problem,_ 
the expected warming of the earth as heat-trapping 
gases build-up in the atmosphere . CFCs contribute to 
the greenhouse effect, as would the changes predicted 
in the distribution of ozone. Apart from this direct 
impact on the rate of greenhouse warming, the 
Convention could serve as a mode) for future efforts to 
work out an international strategy to control 
greenhouse gases. 

This report reviews scientists' current understanding 
of the risks of ozone modification, describes techniques 
for reducing or eliminating emissions of CFCs, and then 
addresses several key policy issues before the Uniteq 
States ancf other nations: the seriousness of the ozone 
depletion problem, allowing for possible growth in 
gases with offsetting effects; the appropriate timing of 
any governmental action, given that widely recognized 
models show no net change in global ozone from 
current CFC emission levels for twenty years or more; 
and the most effective and workable form for domestic 
and international governmental action. Finally, specific 
government actions, both national and international, 
are proposed. 
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I. The Science of the 
Ozone Layer 

Small quantities of ozone (03) in the atmosphere are 
critical to the balance that allows life on earth. 

The concentration of ozone varies with altitude. Most 
ozone is in the stratosphere 6 to 30 miles above the 
earth, though smaller amounts are associated with 
pollution problems closer to the surface. (See Figure 1.) 
Ozone absorbs much of the ultraviolet radiation that the 
sun emits in wave-lengths harmful to humans, animals, 
and plants_,040-329 nm-a spectrum of wavelengths 
referred to as "UV-B"). Ozone concentrations at 
different altitudes also affect temperature, air 
movements, and the downward emission of infrared 
radiation, which in turn influence the radiative and 
meteorological processes that determine climate.7 Thus, 
jf the amount or the vertical distribution of ozone 
changes significantly, major environmental 
consequences could result-among them, climate 
change from a greenhouse warming. 
- Ozone is formed in the stratospher~ when ultraviolet 
radiation (UV) breaks down diatomic molecules of 
oxygen (02). Once split, the two oxygen atoms combine 
with two molecules of diatomic oxygen to form 
molecules of ozone (03) . Ozone molecules are in turn 
broken apart by UV, forming 0 2 and 0 . This reversible 
process balances 0, 0 2, and 0 3 in the stratosphere. But 

~

reactions between ozone molecules and oxides of 
chlorine, nitrogen. bromine and other elements can 

~ upset this chemical bal mount of 
-1:.. Acting as catalysts, ~ingle reactive molecules of 
chlorine or nitrogen can destroy thousands of ozone 
molecules. (See Figure 2, and Appendix 1.) 

In 1974, Ors . Mario Molina and F. Sherwood Rowland 
hypothesized that th! growing use of a family of 
chemical compounds known as chlorofluorocarbons 
fFCs) could be parti2ularly worrisome. 8 (See Box.) 

CFCs are very non-reactive chemicals, which makes 
~ them safe and useful for many applications-aerosol 

\.) ~ refrigerat~n, foam blowing, solvents and more. 
Whereas the lifetime of most chemicals in the 
atmosphere can be measured in weeks or months, the 
effect ofJ:FCs can last for a century or more. But their 
unusual chemical stability allows them to reach the 
stratosphere;...Fifteen to fifty kilometers above the 

~.,J( 

-.i'> ' -\-✓ 
0 C~0S 

~ ~/~ 
'f ~ w.s c,V-,\or~ r ---\1) v>\ a, 

earth's surface, the iu!_ense ultraviolet radiation causes ~ \ ~ 
them to break apart releasing; chlorjne (a process known \~ •s 
as photolysis) . The chlorine then reacts with oxygen, J. ~O 
nitrogen, and hydrogen oxides . The net result is a 
reduction in the concentration of ozone, while the ~ \lo'\ 

chlorine remains. ne.T ~ 
Several other manmade chemicals-including methyl u•, 

chloroform (CH3CC13) and carbon tetrachloride (CC14) - 01..0 
besides CFCs may also threaten the ozone layer. Most 
exist in minute quantities, serve as intermediate 
products in the formation of other chemicals, or break 
down much faster in the atmosphere than the major 
CFCs, ~sing less of a threat. One exception may 
be th~ chemicals used in fire extinguishers. \ _ l i ~ 

Current production of these chemicals is relatively ~\9--
s~l, but they contain_bromine (which may be a more. r , 

effective ozone depleter than chlorine), their use is - ~ 
growing rapidly, and their atmospheric lifetimes may \µo 
be as long as the CFCs. (See Figures 3 a-b.) Another 
potential source of depletion is N20, a source of 
concern should large numbers of supersonic aircraft 
ever become commercial. 

Whether, when, and even where depletion occurs 
depends on numerous assumptions about the relativ 
growth rates of different chemicals and the sensitivities 
of the model used to simulate what happens when th 
atmospheric chemistry is changed. Although basic 
concepts of stratospheric photochemistry have changed 
little for a decade, the description of the ozone " picture" 
has been refined. 9 Some chemicals released by mankind's 
activities, particularly carbon dioxide (CO2) and methane 
(CH4), increase ozone, potentially offsetting the 
depletion effect of CFCs. Tropospheric emissions of NO 
from subsonic aircraft and fossil fuel combustion may 
also increase ozone. The faster CFC emissions increase, 
the faster ozone depletion is expected to occur, while the 
effect of these other chemicals is in the opposite direction 
(See Figure 4.) The 1986 NASA report presented a range 
of estimates reflecting different potential growth rates for 
these chemicals. (See Figure 5.) 

The possible interaction between chlorine and 
stratospheric odd-nitrogen (NOY) creates another 
source of complexity. Some models show significant 
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Figure 1. Temperature Profile and Distribution of Ozone in the Atmosphere 
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Source: National Aeronautics and Space Administration, Present State of Knowledge of the Upper Atmosphere: An Assessment Report 
(1986) 
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Figure 2. Selected Physical and Chemical Processes Impacting on Ozone Concentrations and Climatic 
Processes 
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Major Ozone Modifying Substances Released by Human Activities 

Chemical 
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Figure 3a. Ozone Depleting Potential Per Molecule 
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Figure 3b. Estimate of Ozone Depleting Potential 
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What Are CFCs? 

Although CFCs are usually referred to collectively, 
several different formulations are produced 
commercially and others have been developed 
experimentally. The major CFCs are: 

CFC 11-CC13F-Trichlorofluoromethane 
CFC 12-CC12F2-Dichlorodifluoromethane 
CFC 22-CHC1F2-Chlorodifluoromethane 
CFC 113-C2C13F3-Trichlorotrifluoromethane 

The numbering system is based on a system 
originally devised by the DuPont Company and 
subsequently adopted worldwide to distinguish 
fluorinated hydrocarbons. The formulations 
listed above are denominated as follows: 

The first digit on the right is the number of 
fluorine (F) atoms in the compound. The second 
digit from the right is the number of hydrogen 
(H) atoms plus one. The third digit from the right 
is the number of carbon (C) atoms minus one; if 
zero, this number is omitted. 

How CFCs are formulated determines how 
much risk they pose to the ozone layer. CFC 11 
and CFC 12 have expected atmospheric )jfetime2._ 

_gf 75 and 110 years, so they are very threatening 
to the stratosphere. Formulations with 
hydrogen, such as CFC 22 degrade roare rapidly 
than hydrogen-free formulations due to 
tropospheric reactions with hydroxyl "radicals" 
(OH). Similarly, formulations containing fluorine 
but not chlorine, such as C2H4F2 (CFC 152a), do 
not threaten the stratosphere. (See Section II. 3) 

Figure 4. Estimated Ozone Depletion for Different 
Rates of CFC Growth 
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increases 0.5% per year); B (CFC emissions begin at 1980 rates 

.,i!nd increase at 1.5% per year, other trace gases change as wit 
A.); C (same as B except CFC emissions increase at 3% ~year) . 

Source: NASA, Present State of Knowledge of the Upper 
Atmosphere (1986) 
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Figure 5. Range of Change in Total Ozone Estimated by Five Representative Models for Illustrative Scenarios 
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Source: NASA, Present State of Knowledge of the Upper Atmosphere (1986) 

non-linearity in ozone depletion when the 
concentration of chlorine exceeds that of NOy. 10 

However, this would occur only if CFC emissions 
increased substantially . 

~ . Even if emissions of CO2, CH4, and NO (oxides of 
~ ~nitrogen) ifil:rease ozone, offsetting the d;pleiiau_ 
\: t ~sed by (ECs the atmosphere may be radically_ 
~ alter ecause the effects occur at diff rent alfftudes . 
/ Modellers who assume stable emissions of CFCs ut a 
1 continuation of recent growth rates for these other 
~ · ~ i< ozone perturbants find little net change in total ozone, 

~- but a significant change in its distribution by altitude. 

~

·:(' E :uch models predict that trace gases will reduce ozone 

'O" 

< 

at heights above 30 km by up to 50 percent, though this 
reduction will be partially offset by an ozone increase in 
the lower stratosphere.;.1 (See Figure 6.) This dynamic 
involves several different processes. Methane increases 
tropospheric ozone by chemical reactions, while the 
absorption of infrared radiation by methane and carbon 
dioxide cools the lower stratosphere, slowing reactions 
that destroy ozone. Another contributing factor is the 
''self-healing'' effect-the accelerated production of 
ozone from molecular oxygen (02) in the lower 
stratosphere due to the increased ultra-violet rays that 
pass through the depleted upper and middle 
stratosphere. Changes in the distribution of ozone may 

~ ~ ~~5 ~o(,~~ ~ ~ ~ M "'l 
--K~z'1::~ 'Cl e- 12.- ~\ov>1" ~ ~i ~I.~\~ 0e~A~~e - A~<' '"~ \J ~µ' 0

' 

~ - ~ b1,of': '" " ~o ,J)e,f\ ,of' ~- rru-~~~ ue 
b an environmental concern even if t e total amount reduced-and that the..!!§!s a{ depletion beyo~d th ,1I 
_gzone oesn't change. Increasing CFCs and ozone- predicted is greater than the likelihood of deplcli()_q 
both greenhouse gases-in the lower stratosphere could significantly less than that predicted. The major sour·n• 
c,smtribute significantly to global warming and climate of uncertainty may soon become the ambiguities 
change. (See pages 22-23.) associated with future rates of growth in trace gases 
- the one variable within mankind's control. 16 

l 
Changes in the distribution of ozone may J 

J<J.. be an environmental concern even if the 
r total amount of ozone doesn't change. 

DeRletion is further expected to vary significantly 
with~See Figure 7.) Between two and four times 
as much depletion occurs at the poles as at the egµator 
primarily because the self-healing effect play_s a much 
smaller role as incoming ultraviolet radiation 
diminishes with latitude. 12 From about 40 degrees 
latitude to the poles, there is no self-healing effect and 
ozone depletion is expected at all altitudes. Also, ozone 
concentrations vary seasonally, with greater depletion 
expected in winter when the solar effect is reduced . 

The accuracy of modelling results can be empirically 
measured. Satellite and balloon measurements of the 
accumulation of trace gases show that most of the 

"' ~tratosphere' s key constituents are as scarce or plentiful ~
7 

i: n a given area as models predict. However, important 
!',(\,~ discrepancies in several measurements do limit 
\ ' confidence in the models. 13 For example, atmospheric 

measurements of two key chemicals, HO2 (an oxide of 
hydrogen) and ClO (an oxide of chlorine), differ 
substantially from theoretical predictions . Such 
discrepancies may reflect flaws in models or errors in 
very sensitive and difficult measurements. 

Confidence in models would also increase if 
photochemically coupled chemicals in the same air 
mass could be measured simultaneously. Some satellite 
measurements have shown a world-wide reduction in 
ozone .14 But how consistent are scientific instruments 
over time? Until researchers know, they can't say for 
certain that a global reduction in ozone has occurred. 

How consistent are scientific instruments 
over time? Until researchers know, they 
can't say for certain that a global reduction 
in ozone has occurred. 

G 
The uncertainty associated with current models and~ 

measurements still leaves the possibility of large future 
hanges in depletion estimates. 15 Statistical analysis 

suggests that the uncertainties have been reduced to 
factor of four or less-still very large but substantially 

Even when unequivocally established, ozon 
depletion cannot be readily ascribed to human 
activities. This uncertainty was highlighted by the 1985. AA \of' 
discovery of, the springtime Antarctic ozone " h9ls" I ' • 
w~ch was not predicted and cannot yet be explainc_d 
Jzy madels.._!7 Several explanatory theories have bee n 
proposed (with varying emphasis on natural and 
anthropogenic causes), but a full understanding of this 
phenomenon and its global implications awaits furth l'r 
research .18 Meantime, the rapidity of this unexpected 
depletion is cause for concern about the phenomenon 
itself and the potential for other unexpected large-sea l• • 
changes, so the National Science Foundation has 
launched a major program of field measurements. 19 

Data from other ground stations have revealed sign 
other S:g}aller areas of diminished ozone, notably an 
ozone loss of about 3 percent above Arosa, 
Switzerland. 20 

Effects of Ozone Perturbations 

OJ 

Few of the possible consequences of ozone 
modification have been studied thoroughly, but what i 
known provides ample grounds for concern.21 For 
example, the effect of natural incremental fluctuations 
of ozone levels by latitude and season is not always 
easily determined. There is no apparent threshold of 
~table ozone modification,Jb._ough crop damage_ . 
and other significant effects have been clearly identifi«:~d . 

with high levels of depletion. 
The most clearly established human health effect of , 

ozone depletion is an increase in the incidence of skin s\ut" 
cancer in white-skinned populations. (See Table 1.) -
Scientists estimate that for every 1 percent increase in 

-B flux, the incidence of non-melanoma skin cancer 
will mcrease as much as 5 percent. 22 Most of these 
patches of cancer can be removed without adverse 
effect, but sunlight has also been implicated in 
malignant melanoma, a rarer but frequently fatal skin 
cancer that is increasin~ rapidly in the United States, 
Europe. and Australia. 23 According to a recent analysL, 
a I-percent increase in UV-B would increase malignant 
melanoma mortality in the U.S. by 0.8 to 1.5 percent.24 

EPA estimates that constant CFC growth of 2.5 percent 
per year could cause an additional million skin cancers 
and 20,000 deaths over the lifetime of the existing U.S. 
population. 25 Recently, scientists have shown that 
sunlight suppresses the immune system, allowing 
tumors to grow. 26 A recent EPA survey report 
concluded that this effect may increase the incidence of 
Herpes virus infections and parasitic infections of th 
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Figure 6. Predicted Changes in Ozone by Altitude Over Time for One Scenario of Trace Gas Increase 
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Calculated percentage change in ozone at different altitudes over time (5 to 100 years) for a scenario assuming CFC emissions begin at 
1980 rates and increase at 1,5% per year,CH4 increases at 1% per year, N2O increases at 0.25% per year, and CO2 increases at 0.5% 
per year, using the LLNL 1-D model with temperature feedback. 

Source: NASA, Present State of Knowledge of the Upper Atmosphere (1986) 

skin by a process that affects peoples of all colors.27 So 
far, however, no researchers have ventured to estimate 
dose/response relationships or to identify the diseases 
and populations most likely to be affected. 

develop�d UV-B tolerance to current exposure levels; 
with greater depletion, larvae could develop 
abnormally or fish populations could relocate away 
from the water's surface, altering the marine food 
chain. To date, most plants have not been tested for 

response to increased UV-B exposure, but about two 
thirds of the roughly 200 that have show some 
sensitivity.28 (See Table 2.) :S.ieldresearch on soybeans 

...indicates that yields could decline by up to 25 percen,L 
.2"ith a comparable increase in UV-B. 29 Scientists have 
yet to determine whether lower levels of depletion 
produce damage. 

Research also suggests that ozone depletion could 

', Recent studies indicate that increasing UV-B would
�� exacerbate smog,in some urban areas.31 This research 

relates the intensity of UV-B flux to the photolysis of 
formaldehyde, a product of incomplete combustion, 
which triggers the formation of the "radicals" that 
generate photochemical smog-a process that 
accelerates as temperatures rise. The precise 
composition of smog depends on the incremental 

af ct a uatic or anisms deleteriously.30 Some species 
(including commercia y va ua e anc ovy larvae) have 

10 

change in temperature and the balance of pollutants in 
the atmosphere. One modelling experiment found that 

Figure 7. Estimated Ozone Change by Latitude 
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�hanges in total atmospheric ozone over time for various latitudes assuming constant releases of CFCs at 1980 levels, N2O 
increases 0.25% per year, CH4 increases 1.0% per year. The results are for the Spring in the case of 1980. 

Source: F. Stordal and Ivar Isaksen, "Ozone Perturbations Due to Increases in NzO, CH4, and Chlorocarbons: Two-Dimensional Time­
Dependent Calculations," in J. Titus, ed., Effects of Changes in Stratospheric Ozone and Global Climate (U.S., EPA, 
Washington: 1986) 

smog would increase 30 percent or more in Philadelphia 
and Nashville, but much less in Los Angeles, if 
stratospheric ozone decreased by 33 percent and 
temperature increased by 4 °C. 32 Ozone is also predicted 
to form earlier in the day, causing larger populations to 
be exposed. 

• �no!her_ economically importai:it effect of ozone
-\fl' depletion 1s accelerated degradation of some plastics and 

�-paints. This deterioration might be mitigated at some 
�xpense if improved chemical stabilizers are developed. 33 

Without such stabilizers,.s,umulative damage to 
polyvinyl chloride by 2075 could equal $4.7 billion.34 

The vertical distribution of ozone does not affect how 
much UV-B reaches the earth, so changing the pattern 
would not have the same effects as ozone depletion. 

Nonetheless, such changes could affect climate.35 In the 
lower stratosphere, the predicted increase in ozone will 
contribute to the greenhouse effect. Redistributing 
ozone would also affect atmospheric temperatures and, 
therefore, water vapor concentrations, both of which 
influence climate. 

In short, changes in ozone ar� intimately linked to the / 
_ gre�ff_e�6 A July 1986 statement by the 
-wK:fO/ICSui'u'NEP (World Meteorological Organization/ 
International Council of Scientific Unions/United 
Nations Environment Programme) Advisory Group on 
Greenhouse Gases concluded that "Both with regard to 
future scientific research efforts as well as the analysis of 
possible societal responses ... these two environmental 
problems should be addressed as one combined problem.'' 

11 



Table 1. 

Acute 
Sunburn 
Thickening of the skin 

Chronic 
Aging of skin, thinning of epidermis 

Carcinogenic 
Nonmelanoma skin cancer 

Basal cell carcinoma 
Squamous cell carcinoma 

Malignant melanoma 

Effects of Ultraviolet Radiation on Human Health 

Eye disorders 
Cataracts (probable relationship) 
Retinal damage 
Corneal tumors 
Acute photokeratitis (" snow blindness") 

Immunosuppression (possible) 
Infectious diseases of the skin (e.g., Herpes simplex) 

Conditions Aggravated by UV Exposure 
Genetic sensitivity to sun-induced cancers 
Nutritional deficiences (kwashiorkor, pellagra) 
Infectious diseases (e.g., Herpes simplex) 
Autoimmune disorders (e .g., lupus erythematosus) 

Sources: E. Emitt, "Health Effects of Ultraviolet Radiation," in J. Titus, ed., Effects of Changes in Stratospheric Ozone and Global Climate (1986); EPA, 
Assessment of the Risks of Stratospheric Modification (1986); NAS, Causes and Effects of Changes in Stratospheric Ozone (1984) . 

Table 2. 

Plant Characteristic 

Photosynthesis 

Leaf conductance 

Water use efficiency 

Dry matter production and yield 

Leaf area 

Specific leaf weight 

Crop maturity 

Flowering 

In terspecific 

Intraspecific differences 

Drought stress 

Summary of UV-B Effects on Plants 

Enhanced UV-B 

Decreases in many C3 and C4 plants 

No effect in many plants 

Decreases in most plants 

Decreases in many plants 

Decreases in many plants 

Increases in many plants 

No effect 

May inhibit or stimulate flowering in some plants 

Species may vary in degree of response 

Response varies among cultivars 

Plants become less sensitive to UV-B but not tolerant to 
drought 

Source: Alan Teramura, ''Overview of Our Current State of Knowledge of UV Effects on Plants,' ' in J. Titus, ed. , Effects of Changes in Stratospheric 
Ozone and Global Climate (EPA; Washington, 1986) 
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II. CFC's Uses, Controls, 
and Substitutes 

CFCs are used principally as aerosol propellants, as 
refrigerants, as agents for fo~rn blowing, and as 

solvents . Ho;'° much of the different CFCs is produced 
and which purposes they serve vary enormously 
around the world. (See Figures 8 a-b.) Use of these 
potential ozone-depleting substances is, however, 
concentrated primarily in the United States andJhe 
western industrialized nations . (See Table 3). 

Table 3. 

Chemical 

CFC-11 

CFC-12 

CFC-113 

Methyl 
chloroform 

Carbon 
tetrachloride 

Halon 1301 

Halon 1211 

•Metric tons . 

Estimated~rld Use)of Potential 
Ozone-Depleting Substances 

(In thousands of mt•) 

Other 
United Reporting Communist 

World States Countries Countries 

341.5 75.0 225 .0 41.5 

443.7 135.0 230.0 78.7 

163.2 73.2 85.0 5.0 

544.6 270.0 187.6 87.0 

1,029.0 280.0 590.0 159.0 

10.8 5.4 5.4 0.0 

10.8 2.7 8.1 0.0 

Source: Hammit et al. , Product Uses and Market Trends, p. 2 

conditioning. Foam blowing is the major use of CFC 11, 
while almost all CFC 113 is used as a solvent. 

Global use of CFC 11 and CFC 12 has increased 
steadily over time, though growth rates vary markedly S8- 8 1' 
by use and country. (See Figures 9 a-b.) Between 1958 \3 "Jo 
and 1983, average annual production grew approximately \ \ "--
13 percent. In theory, such growth could continue . 11/yr. 
Supplies of the raw materials needed for future 
production are more than adequate: identified reserves 
of fluorspar, the critical material, could meet projected 
demand through at least 2030 and probably, much , --r 
longer. 37 V~ 

Different emission rates are associated with CFC uses . -E'.r'l'\l~Slfkr 
Aerosols create emissions virtually immediately, while~ ;;::­
most other uses emit CFCs gradually. Emissions from 1wi~­
rigid foams may be glacially slow since the CFCs remain 
stored until the foam is crushed: large amounts of CFCs 
are, in effect, "banked" for future release unless that 
release is somehow prevented. 

~ 

Emissio~s of CFC:&, n be_ reduced through ~~ 
@Jour basic method . educing operating losses; . . • 

ecavering and re~ing during production orlr'Yll<;:,~~ 

cfl):.t the point of us ubstituting CFC ~ -- s 
formulations ~hreatening to the ----
stratosphere o itching to processes or --
products that require no CFCs. 

Emissions of CFCs can be reducedJ~uough four basic 
method!Yreducing operating losse~covering and 

The United States, Canada, and Sweden banned recycling during production or at the point of use; 
.,.IPOSt aerosol uses in the late 1970s. But since other . 6)substituting CFC formulations less threateni~ to the 
sountries did not, this application still represents almost stratosphere, such as CFC 22 or CFC 134a; o~itching 
a third of CFC 11 and 12 use by countries surveyed in to processes or products that require no CFCs.38 The ~~ 's-:::; 
~nnual Chemical Manufacturers Association re ort cost and availability of these substitutes varies JYJ~ \ ".'\/ 

[ 
(companies representing about 85 percent of estimate J enormously; some are already vigorous competitors S C,~ 'v 
global production) . Jhe United States and Japan also with CFCs, while others will require further research 
use large amounts of CFC 12 for automobile air and will probably be expensive . () ( \1' q ty 

<t~¾ 'f}--o\oJ ~ l l 4 l2 . 13 
liJAoso( s 6\\ \\ 
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Figure Sa. Estimated Use of~ by Product , 1984, U.S. and Countries Reporting to the Chemical 
Manufacturers Association (CMA) * 
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Figure Sb. Estimated Use of~y Product, 1984, U.S. and Countries Reporting to the Chemical 
Manufacturers Association (CMA) * 
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Figure 9a. CFC-11 and CFC-12 Historicall,£roductionJ for Countries Reporting to the Chemical 
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Figure 9b. Historical Selected Region Production of CFC-11 and CFC-12 
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1. Increasing Efficiency and Reducing 
Operating Losses 

_One of the simplest ways to reduce CPC em~sions is to 
\, .,,t' design and operate equipment to reduce losses. 39 fo r some 

\ ~ • applications, leakage represents a significant share of 
total production. For example, almost one tb_ird of all 

Ji, 
q.Je,, 1 

CFC 12 used in the United States is fo r automobile air 
conditioning, of which an estimated 30 pcm~~Li~~>l:ll in 
routine leakage and another half escapes du ~ing scrvlf i_!!l!. 
The remainder is emitted when 1,1nils arelirst charged, 
SJlbsequently serviced, or eventually scrc;pe£SI. 

\~ such rec din would become economicall attractive 
only • the price of 12 rises severa - o d. Still, 
several small firms now sell recycling systems for use 
with large centralized systems and vehicle fleets, such 
as city bus depots .44 

Almost all the CFC 11 used to manufacture flexible 
foams is lost in venting during production. Fortunately, 
recapture and recovery through carbon filtration can 
reduce operating losses by 50 percent, according to tests 
by a Danish firm. 45 The investment pays for itself in 
only two years given current CFC prices, but payback 
takes much longer from small plants. Similar 
techniques can at least halve emissions of CFC 12 used 
in the manufacture of rigid foams and can be 
conomically justified for large plants at current CFC 

prices. 

3. "Safe CFCs" (Formulations with Hydrogen 
or Without Chlorine) 

,\ 

Leakage losses could be reduced by, or instan ........ , 
redesigning equipment to reduce the nur:ribcr of join ~, 
t!ghtening seals and valves';" and taki'ng similar 
measures. Stationary refrigera tion and air conditioning 
systems, which employ such measures, typically leak 
much less than other systems. 40 ln vehicular systems, 
the technical problems are somewhat more complicated, 
and the current price of CFCs isn ' t high enough t,Q_ 
induce consumers and manufacturers to make the 
necessary adjustments . 

Leakage from rigid polyurethane foams is widely 
c~sidered negi'igible, particularly if the material is 
sheathed.41 I;Iowever, leakage will eventually occur 
during disposal unless the material is buried or burned, 
which prevents release of CFCs to the stratosphere. 

~'s 
~ As noted, some formulations of CFCs present little or 
~ no threat to the ozone layer. Several now identified 

( \~~~ 
Jwo:? 
l 

C)\~ 

\'<'c/'' 

\\I?) 

CFCs in rigid foams can be destroyed through 
incineration or in catalytic burners, but the by-products 
released corrode incinerator linings. 42 

The amount of CFCs used in refrigerators is also 
affected by the.type of compressor employed: 
reciprocating compressors use only one third to one half 
the refrigerant that rotary compressors do . With 
advances in equipment design, most refrigerators and 
chillers need ever smaller amounts of CFCS, a trend 
that is likely to continue. 

2. Recovery and Recycling 

Opportunities for reducing CFC emissions by 
recovering the compound and by cleaning the captured 
chemical for reuse are substantial. Both approaches are 
in use today, primarily in operations centralized an'!_ 
large enough to j1!§.tify the cost of the necessary 
additional equipment. The economics and practicality 
of recycling pose a greater barrier for such small 
decentralized uses as motor vehicle air conditioners .43 

For reducing emissions of CFC 113 used for 
de~easing and cleaning, recovery and reclamation 
offer significant apJ2.Q!!pnities. Recovery is possible for 
some processes with in-house distillation equipment 
that boils off, condenses, and collects the solvent for 
reuse . The contaminated gases can then be cleaned with 
activated carbon. 

CFCs can also be recycled from vehicular air­
conditioning systems. A study for EPA concluded that 
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could substitute for CFC 11 and CFC 12, greatly reducing 
or eliminating the threat to the ozone layer. 46 (See Table 
4.) Some of these products could be substituted with _,( 
_little or no change in existing equipment, though ~ 
p,.9ssibly at a cast several times as great as CFC 11 and 
CFC 12. 

One commercially available option is CFC 22, which 
degrades so rapidly in the atmosphere that it is onl 
about one-fifth as powerful as CFC 12 io dep)etin&, 
~ CFC 22 could be used in air conditioning and 
r~rigerationJnstead of CFC 12,Jhough existing 
e~ipment would have to be redesigned first. Systems 
would have to be heavier too, a disadvantage for 
automobile applications. 

1i~ 
7\r 

\'"}, 

CFC 22 is used today in home air conditioning and '). 
was used in some vehicular air conditioning until 5'C 
replaced by lighter and less expensive equipment in the ~"""~ 
early 1970s. CFC 502, a blend of CFC 22 and CFC 115, is 
widely used by food retailers for low-temperature 
refrigeration. Although this refrigerant is more 
expensive than CFC 11 and CFC 12, it could be used 
economically for a wider range of applications than it 
now is. The Air-Conditioning Wholesalers recently 
adopted a resolution urging a switch to these substitute ,,. 
CFC~ew air conditioning equipment. 47 ~ ~,,.. 

(DuP~ the largest U.S. manufacturer of CFCs, ~ \l \>~' 1 
announced in September 1986 that it could_pradnc➔ \(~~ 
substitute CFCs in commercial quantities in five yea,,nij'v ~ S 
given adequate regulatory incentives. 48 This would C~ 
allow time for toxicity testing and other necessary -- --, regulatory approvals, ~ell as for organizing the 
necessa~ment. DuPont did not indicate the 
expected cost, and it may be that other alternatives 
would be less expensive for most markets. Nevertheless, 
the availability of safe CFCs that can be substituted 

Table 4. Status of Alternative Fluorocarbons 

Fluorocarbon No. 
& Formula 

Potential 
Application 

Manufacturing 
Process Flammable Toxicity 

11 CCl3F 

12 CCl2F2 

113 CC12FCCIF2 

114 CCIF2CC1F2 

132b CH2ClCCIF2 

134a CH2FCF3 (a) 

141b CH3CC1iF 

Blowing Agent, 
Refrigerant 

Refrigerant, 
Blowing Agent, 
Food Freezant, 
Sterilant 

Solvent, 
Refrigerant 

Blowing Agent, 
Refrig_erant 

Replacement for 
CFC-113; too 
strong a solvent; 

Dropped 

eplacement for 
CFC-12; 

Refrigerant, 
Others? 

Yes No 

Yes No 

Yes No 

Yes No 

No No 

No No 

Yes Yes 

ow 

Low 

Low 

w 

Very 
lncomplcL•• 

Incomplel 
Testin 

eplacement for 
CFC-11; Developmental 

Incomplete 
Testing 

Blowing Agent 

BI.Ql:Ving Agent. Yes Yes Low 142b CH3CCIF2 

143a CH3CF3 (a) 

152a CH3CHF2 (a) 

Refrigerant Li~d 

R~gerant Not Commercial Yes -
Yes Yes Low 

L~ 
___. 

(a) Contains no Chlorine 

Source: DuPont, 1986, based on information available in February 1986. 

without radical changes in existing equipment represents 
a major step toward reducing risks to the ozone layer. 

4. Substitution of Non-CFC Products 

oduct substitutes exist for most CFC uses, though 
\ freq~ some economic or performance loss is 

iJf" entailed.and sometimes a health or safety risk. The 
,,('Y ~~ J Ioited States and several other countries have already 
~~\ substituted...b.Ydrocarbon propellants for more than 90 
~ percent of aerosols. 49 U.S. regulatory authorities 

consider the substitution highly successful. However, 
differences in the location and organization of the CFC 
industry and limitations on the use of hydrocarbon 
substitutes may preclude generalizations about 
comparable success in Europe and Japan. For example, 

fire regulations prohibit use of hydrocarbons in 
cosmetics sold in Japan. 

The United States and several other 
countries have already substituted 
hydrocarbon propellants for more than 90 
percent of aerosols. However, differences in 
the location and organization of the industry 
and limitations on the use of hydrocarbon 
substitutes may preclude generalizations 
about comparable success in Europe and 
Japan. 
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For insulation, various product substitutions are possible. 

( 
Cardboard packaging now competes with polystyrene 
~s, and several insu)atin& mat~s are made without 
CFCs, including fiberglass and cellulose. Although less 
effective for a given volume, substitute insulators are 
cheaper, and they are already preferred for such 
applications as residential construction in some regions. 

Some flexible foams are produced with methylene 
chloride, though health risks may limit use of this toxic 
chemical. Reportedly, a new Belgian process costs less 
than CFCs and allows production of all densities of 
foam with no auxiliary blowing agent. Some molded 
foams can also be produced in whole or in part with 
carbon dioxide as a blowing agent. About one third of 
nonurethane foam is blown with pentane, though its 
flammability and regulations related to its possible role 
in smog formation limit its use. In home refrigeration, 
ammonia was widely used before CFCs were developed, 
but it is too toxic to be considered safe . 

Several solvents can substitute for many uses of CFC 
113, including methyl chloroform, methylene chloride, 
Tna, for some purposes, de-ionized water. Some of 
these substitutes are regulated, however, and none are 

.o~ currently suited for some applications. Some electronics 
{"''(/' , components could not be made of plastics without CFC 
,./ .,r~13 . On the other hand, a U.S. ban on land disposal of 
~ ~ chlorinated solvents that took effect in November 1986 

JJ 6 and the high cost of incinerating CFC 113 (because it 
~ " contains fluorine) have created strong incentives for 
-.;\.. recycling and for developing substitutes . 

»t 

Substitute technologies are also emerging for some 
other uses. For example, ~erjme.ntal vacuum _£anels 
developed for insulating refrigerators and other 
appliances greatly outperform rigid foams made with 
CFCs.50 Several European and Japanese companies are 
actively developing this ~echnology, and commercial 
use may occur soon. 

A small Florida company also recently reported 
successful tests of a high-efficiency air conditioning 
compressor technology using low vapor-pressure 
hydrocarbons. 51 The developer claims that the technology 
is also more energy efficient and presents fewer leakage 
problems than comparable CFC-based systems. However, 
the system has not been commercially tested. 

Putting It All Together 

Despite the availability of information concerning cost 
and feasibility of substitutes for many uses of CFCs, 
assessing the total cost and feasibility of methods for 
reducin FC emissions remains su risin ly difficu 
One problem is Jllai.Qr gaps in our knowledge o ow.. 
CFCs are use9.; For example, a recent study of CFC uses 
for EPA by the Rand Corporation, summarizing more 
than five years of analysis, was unable to identify more 
than 20 percent of CFC 11 and CFC 12 use reported in 
the CMA survey. 52 Therefore estimating the cost and 
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feasibility of emission reductions can only be done as -0 ~ ;x? 
rough approximations and not precise calculations. ~( 

:Q!e Rand analysts estimated that raising CFC prices ('I/ .. 
in the U.S. up to $5 a pound more than several times 
recent levels would reduce use of CFC 11 by 6 ta 1~ 

ercent, CFC 12 b 6 to 35 percent, and CFC 113 bv 75 
to 8 percent.53 This re ahve insensitivity to pric~ 
increases ( except for CFC 113) i,!Ul2-lies great diffi 
~bstitution for CFCs in-the short-rur~,. Our analy~is, 
supported by discussions with other industry experts, 
indicates that the potential for substitution is much ~ 1'. Y 
greater. As shown in Table 5, cuts of between 25 and 90 T _){,\ 
percent are feasible in all major uses of CFC 11, CFC 12, ';o') ~ 
ancfcf C 113 within five years at a cost of less than $5 7J_.;' ~ 

The most important reason we differ from Rand is the ~ per pound. ~;..\ 

..Qy,Poot announcement that a "safe" CFC could be ~ 
EfOduced for a price unofficially expected to be five>to } ~ )~ 
ten times current price levels-dose to or less than $5 £. 
per p@nd. Such a substitute represents a maximum / 
cost alternative· for most existing applications. Second, 
Rand omitted some known options which requ-rr;-i 
redesign of equipment- particularly switching to CFC 
22 ii1"mobile arr-conaTtioning and reducing venting 
losses . Third, Rand pre<fu:ated its findings on the 
assumption that only methods already widel 
commercially tested would be used. Our analysis 
includes methods commercially available but not in 
widespread use, such as recycling motor vehicle air­
conditioning refrigerant. 

The cost of a $5 per pound tax applied to current use 
would be roughly several billion dollars. However, we/ 
doubt this amount would ever be paid because of the 
rapid introduction of substitutes and measures to use 
CFCs more efficiently. Moreover, even this amount / 
would have relatively little effect on the price of final 
goods and services purchased by consumers. For 
~mple. the price of an air conditioner or refrigerator -IJ:., 
might rise by about $10-barely perceptible on items -1\"' 
costing hundreds of dollars. We believe most 

consumers would consider this an acceptable charge to 
help protect the ozone layer. 

While we have assumed some technological evolution, 
our estimates of likely innovation in response to 
economic incentives still seems conservative. There are 
few substitutes fu!:..:..:s::o:.:m.:.:;:e_C=F=--C~u::.:s:..:ec:::s7n:-=;o::..w~ b:.:e:.:c:.:;aa-=:uc.::s-=e-=n.;.;o:;_.::.o=:n-:-e_ 
has an illi'.f.Dtive ta produce them. Much as opportunities 
to improve energy efficiency magically appeared year 
after year following the tripling of energy prices,~ 
price increases will produce new CFC substitutes as 
1:Y~- Indeed, use of energy, like CFC use, historically 
tracked GNP-until the large price rise that began in 
1973. However, without a stiff tax, chemical companies 
may be unwilling to invest in the production of known, 
relatively expensive chemical substitutes. 

The key to innovation is to increase the price of CFCs 
by taxation or regulation. This approach obviously 
requires government action. 

I 
j 

Table 5. Potential Short-Term Reductions in Emissions of Major CFCs for Less than $5 per Poun d 

Est. 1985 Global Use 
Application (in thousands mt) 

Aerosols 93.7 (CFC-11) 
115.6 (CFC-12) 

Rigid foams 115.8 (CFC-11) 
42.8 (CFC-12) 

Other foams 57 (CFC-11) 

Refrigeration & 9.9 (CFC-11) 
Air Cond. 24.9 (CFC-12) 

Mobile Air Cond. 73.4 (CFC-12) 

Solvents 163.2 (CFC-113) 

Miscellaneous, 23.6 (CFC-11) 
Unallocated 108.3 (CFC-12) 

Communist 41.5 (CFC-11) 
countries 78.7 (CFC-12) 

• : Based on conservative assumption regarding actual mix of uses 

Source: Authors ' estimates based on sources cited in text. 

Methods for 
Reducing Emissions 

ment by hydrocarbons & 
rosols 

lowing agents; 

ubstitute blowing agen ts; 
recycling 
CUT: 50% 

Stibstitute refrig; recovery at ) 
disposal 
CUT: 25% 

reduced venting; recycling; tighll•r 
seals; CFC-22 test gases 
CUT: 25% 

recycling; substltull' 

~ 
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III. Regulatory Policy 
Issues 

The Vienna Convention for the Protection of the 
Ozone Layer and the ongoing U.S . regulatory 

proceedings are the most recent stages of decade-long 
governmental deliberations on ozone depletion . 
Understanding these current issues requires a brief 
review of past actions. 

Past Government Action to Protect the 
Ozone Layer 

The ozone depletion problem was first hypothesized 
, ~ \.\ in 1974, and representatives of the maior CFC-producing 

nations met several times in the next four years. 54 The 
major application of CFC 11 and 12 in that period was 
for aerosol propellants, the use of which many countries 
cut back or largely eliminated as consumer preferences 
changed in response to adverse publicity about CFCs 
and aerosol sprays. _Most of these bans and cutbacks 
were adopted unilaterally, though all members of the 

& European Economic Community agreed to reduce 
,, ~ aerosol uses by ).0 percent from 1976 levels and to 
~ prohibit increasing CFC production capacity. 

Cutbacks in aerosol uses of CFCs alone reduced CFC 
✓ emissions and risks to the ozone layer for several years. 
✓ Prod • f CFC 11 and 12 among CMA-reporting 

countries dro e 6 ercent between 1974 and 1982. 
However. gradu~owth in non-aerosol u~ was 
expected to eventually offset this reduction and model 
calculations in the_late 1970s indicated the problem 
might be worse than first thought. (See Figures 9a-b.) 

By 1979-80, governments were considering taking a 
harder line. In October 1980, EPA outlined a proposal 
for limiting total domestic CFC production to current 
levels-a no-growth conceEt. The ~gency proposed 
ll_ocating the allowable production through purchased 

p$rmits that would have forced gradual reductions in 
uses of CFCs.55 For both political and scientific reasons . 
this proposal was never adopted. The Administration._,.,... 
that took office in 1981 looked unfavorably on most 
regulation, and researchers' perceptions of the 
seriousness of the problem changed. Modelers reduced .,.,. 
their estimates of depletion based on revised reaction 

\ .. (\ot 

r\~~v st--"f y 
rates, and CFC producers and users argued that the j • V\ 
~ks did not justify the high costs of alternatives for ~ J 
non-aerosol uses, particularly when many other (.j)':> ~ "t 
countries were still using CFCs for aerosol propellants . e.JI.' r-e,rr-'1-
Industry argued that any further regulation should r<.A· 
emerge from an international agreement. ' J 

While the EPA proposal languished, international 
discussions on further action continued. 56 A UNEP 
Governing Council Decision in April 1980 called on 
governments to reduce national use and production of 
CFCs. In May 1981, the same body established an Ad 
Hoc Working Group of Legal and Technical Experts to 
elaborate a Global Framework Convention for the I I 
Protection of the Ozone Layer. Following several yearJ Y' 
of negotiations, the Vienna Convention for the ~~ 
Protection of the Ozone Layer was signed in March 
1985 by 20 countries with the blessing of both industry 
and environmental groups. 

The Convention-some 21 articles and two technical 
annexes-spells out states' general obligation to control 
activities that "have or are likely to have adverse 
effects" on the ozone layer and to cooperate in scientific 
ero~ams ..!_o b_eJJer understand risks to the ozone layer. 
The annexes describe needed research and information 
exchange including CFC production data that few 
countries had heretofore reported. (The Soviet Union 
released such data for the first time at the September 
1986 workshop.) The Convention creates a secretariat (a 
function at least temporarily served by UNEP) and 
procedures for bringing the signatories together. The 
Convention will enter into force once 20 countries ratify 
it, perhaps in 1987. 

Participants at the Vienna Convention meetings also 
tried unsuccessfully to adopt a protocol for controlling 
CFCs-a proposal first made by Norway, Finland, and 
Sweden in April 1983. Later that year, the United 
States, Canada, and Switzerland proposed limiting the 
proposal to an international aerosol ban, which then 
became the Nordic position as well. (All these countries 
had for the most part already adopted aerosol bans .57) 

In this to-and-fro, the European Economic 
Community, major producers of CFCs, proposed an 
alternative protocol modeled after its own policy: a 
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30-percentreduction in aerosol uses and a cap on futur~ 
CFC production capacity. 58 

The proposals of the EEC and Nordic countries (the 
latter often referred to as the "Toronto Group" after a 
meeting in that city) each had some merits and 
limitations. A production capacity limit would cap total 
growth in CFCs, the ultimate environmental objective. 
However, the limit proposed would allow substantial 
growth based on existing excess capacity and possibl 
opportunities to engineer production increases. LL 
would leave producers and users very uncertain about 
the timing of reduction in supply-an objection U.S. 
industries emphasized in 1980 when EPA proposed a 
production cap. On the other hand, the Toronto Group 
proposal would have led to significant short-term 
reductions, but it offered no long-term solution as non­
aerosol uses of CFCs continued to grow. 

Various compromise positions were proposed, but a 
quick resolution appeared unlikely. Rather than further 
delay the Convention, the parties agreed to complete it 
and contjny_g_ to discuss protocol issues. Subsequently, 
they decided to hold two workshops in 1986 to review 
the economic and policy questions associated with 
producing and controlling CFCs and to reconvene in 
~. These workshops and the discussions that 
ollow are intended to assure that all countries 

understand each others' assessment of the costs and 
benefits of different policies-in effect, an international 
risk assessment. This process is itself an important and 
unique outcome of the negotiations that led to the 

~ convention. Pending a decision on a protocol, a 
~-;, ( resolution accompanying the Convention urges state? 7 

.~tt't. t_2 control CFC emissions "to the maximum extent ,_J 
Q/1-"- practicable." 
~>I Discussions as of October 1986 have produced some 
~ progress, even though governments were not required 

to take official positions. U.S. and European trade 
associations representing CFC users and producers 
~rt the concept of limits an CFCs, though 
they have not adv~ a specific figure. 59 DuPont, the 
largest manufacturer of CFCs, separately announced its 

Q\)~J 

Momentum is building in favor of further 
regulation, particularly in the United 
States. 

~upport for emissions limits and for undefined 
/-' incentives" to develop alternatives. 60 Less vocal 

representatives of affected European interests have also 
expressed increased interest in further regulation. 
While the ultimate outcome remains uncertain, 
momentum is building in favor of further regulation, 
particularly in the United States . In early November, 
the United States informed other nations of its support 
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for an immediate cap on CFC emissions at current levels 
and a "long-term" commitment to phase out all CFCs 
that threaten the ozone layer. 

Current Policy Issues 

~ 

3 ,s~i.foO 

As of late 1986, decisions~~ controls on CFCs G) 
hinged on three key issues~what are the policy 
i.!J1plications if growth in other trace gases offsets ozo_Ee 
!!_epletion due to CFCs~con]) what is the _risk_of (31 
delaying regulation~what is the most effective (j) 

d wo orm r re u ion? In particular, which 
strategies prevent significant short-term emissions ] 
growth but also create economic incentives for the 
longer-term development of substitutes? 

1. What Do Multiple Perturbation Scenarios 
Imply for Policy? 

O

~ 

As noted, atmospheric model calculations that f"\~ 
assume continued growth in CO_z,_.CH1 • and NO,-
called ~~-s~w muc'h les2 
ozfne

5
depletion than t~~se that assum__e growth in CFCs~ 

Q!1zy-, ome critics of regulation assert that these result~;j' 
undermine the need for government action. 61 ~t~ 

This is(taui}Y reasom@Multiple perturbation ~~ 9-
scenarios ~o not describe a "natural" or "safe" \ ~~ _ 
e_tmosphere; substantial changes in the vertical anJS> \~~I~ 
latitudinal profiles would still be a significant problem. , fl 
Moreover, since all the gases at issue contribute to the~ ~~\tfll 
greenhouse effect, the resultant global warming an~ '1'•~ 
economic damage could be very large. 

If CFC growth rates are high, emissions of other trace 
gases would also have to row faster than current 
~§_io.JnQ~ate their ozone- epleting effects. But, 
the faster such emissions increase, the more rapidly 
significant and irreversible climate change may occur. 
If, however, the buildup of CO2 and CH4, is restrained 
to control global warming, the moderating influence of 
these trace gases on ozone depletion caused by CFCs 
would be severely limited. The two problems, 
inextricably connected, should thus be analyzed 
together. 

The authors analyzed the warming effects of the 
multiple perturbation scenarios presented in .!_he 1986_ 
NASA/WMO report on processes controlling 
atmospheric ozone. 62 (See Figure 6.) These scenarios 
~re used because they are sometimes cited to show 
how trace gases moderate ozone depletion and because 
they were developed internationally by scientists to 
represent past experience and possible future trends. 
Our analysis illustrates the consequences of two time­
dependent scenarios, one in which chlorine growth is 
1.5 percent per year and the other 3 percent per year­
less than recent experience. In addition, recent trends in 
emissions of CO2, N20, and CH4 are assumed to 

continue. The methodology used is intentionally 
conservative so any possible warming is not overstated. 

The two time-dependent scenarios of trace gas 
emissions were analyzed to determine roughly when 
the e!_anet would be committed to an equilibrium 1 
warmin that is radiative! e uivalent to doubled CO2 

and a temperature rise of 1.5°-4.5°C. ee a e an 
Figure 10.) In one NASA scenario, CFCs increase by 1.5 
percent per year and the other gases more slowly; and 
the radiative equivalent of doubled CO2 occurs in 
approximately 2050. In the other, which allows CFCs to 
grow twice as fast but is otherwise the same, the 
threshold is crossed in approximately 2040 and the 
equivalent of quadrupled CO2 occurs by 2070. The 
lower curve of Figure 10 illustrates the direct radiative 
effects (i.e., without feedbacks) of CO2, N20 and CH4 in 
each scenario. The middle curve represents the 
additional radiative forcing due to 1.5 percent annual 
increase in CFC emissions. The top curve illustrates the 
warming due to 3 percent annual growth in CFC 
emissions. 

Table 6. 

Year 

1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

NOTES: 

Equilibrium Warming Commitment 
from Trace Gas Buildup 

(Degrees Centigrade) 

1.5% CFC Growth 
Plus Other 

Trace Gases (1) 

0.0-0.0 
0.1-0.4 
0.3-1.0 
0.5-1.6 
0.8-2.3 
1.0-2.9 
1.2-3.6 
1.5-4.4 
1.7-5.1 
2.0-6.0 
2.3-6.8 
2.6-7.8 
2.9-8.8 

3% CFC Growth 
Plus Other 

Trace Gases (1) 

0.0-0.0 
0.1-0.4 
0.4-1.1 
0.6-1 .8 
•. 8-2.5 

"D,-3.4 
5-4.4 

1.9-5.6 
2.4-7.1 
2.9-8.8 
3.7-11.1 
4.6-13.9 
5.8-17.5 

1. Both scenarios of trace gas buildup are derived from NASA (1986). 
They assume 0.5% per year increase in CO2 concentration, 0.25% 
annual growth in N2O, and 1% annual growth in methane . The low 
scenario assumes 1.5% annual growth in emissions of CFC-11 and 
CFC-12. The high scenario assumes 3% annual growth in CFC-11 
and CFC-12. 

2. Estimates of equilibrium warming commitment are based on the 
one-dimensional model ofV. Ramanathan, R.J. Cicerone, H.B. 
Singh and J .T. Kiehl, "Trace Gas Trends and Their Potential Role 
in Climate Change," Journal of Geophysical Research, Vol. 90, No. 03 
(June 20, 1985) pp. 5547-5566. Warming commitment due to 
increases in CO2 concentration is scaled logarithmically, warming 
effects of methane and nitrous oxide are scaled in proportion to the 
difference in the square roots of the concentration in the perturbed 
and the reference (1980) atmosphere; the warming effects of the 
CFCs are scaled in a linear fashion. 

These results imply enormous potentia 
global climate. 63 An <!Yer 
wou~ar.th. 
nuinankind and could change precipitation, wind 

An average global warming of only 2 °C 
would make the earth warmer than ever 
experienced by humankind and could changt 
precipitation, wind patterns, soil moisture, 
and many other features of the global 
climate system. 

e_atterns, soil moisture, and many other features of Lhl' 
global climate system. The sea level would also rise, 
with enormous effect on coastal populations and 
wetlands. 

Some growth in greenhouse gases is likely, if only 
because their sources are not all known (particularly in 
the case of methane). However, scientists and policy­
makers are increasingly calling for strategies to limit 
growth in greenhouse gases. An October 1985 report by 
more than 80 scientists from more than 20 countries and 
co-sponsored by three international organizations 
concluded that, despite many remaining uncertain lies, 
a doubling of greenhouse gases from pre-industrial 
levels could have '' profound effects on global 
ecosystems, agriculture, water resources, and sea ice." 
These experts recommended that "scientists and 
policy-makers should begin an active collaboration lo 
explore the effectiveness of alternative policies and 
adjustments.' ' 64 

The precise quantitative results of WRI's analysis arc 

\ 

not of critical importance. But the fundamental \ ! \ 
finding-that even low CFC growth rates relativ~o J \\ 
present trends), couple wit the steady growth in_ • 

The assumption that continued growth in 
trace gases will moderate the ozone depletion 
expected from CFCs does not seem 
reasonable grounds on which to base polic1,. 

other ozone-modifying substances, imply a potentially '] 
lc!!ge global warming and climate change as early as the 
first half of the next century-is likely tQ_p_rove robust 
an~of considerable s1

0
nificaoce for palicy. Accordingly, 

the rationale that continued growth in trace gases will 
moderate the ozone depletion expected from CFCs docs 
not seem reasonable grounds on which to base policy. 
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Surface warming effects of NASA scenarios (based on Ramanathan et. al., 1985). Lower curve 
shows effects of CH4 increases at 1 % per year, N2O at 0.25% per year and CO2 at 0.5% per year. 
Middle curve shows additional effect of CFC growth at 1½% per year. Top curve shoW,S effect 
of 3% per year growth in CFCs. 

*Calculation includes water vapor feedback only. 
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~ ~~-"y 
2. Why Should CFC Use Be Restricted 

Further Now? 

'tP 9Af'LU ti\1-. {) ~ vv o<>,,_c., 
indicate t~ ill change little if CFC 

¥ rotect the ozone laver i--5_ 
necessary is acntical but difficult decision facing 
governments Apart from the recent discovery of azaoe 
depletion above the Antarctic, definitive .e_roof of 

production doe~ eed current global capacity,~ 
probably won't for a decade or more if recent trends 
continue. In these circumstances, some analysts argue \,; 
th earch should continue but that olitical action is j 

~t· 
Apart from the recent discovery of ozone 
depletion above the Antarctic, it is still 
unclear whether any change in natural 
ozone levels has occurred so far and, if so, 
whether CFCs are the culprits. 

chan es in natural ozone levels and of the rimar role 
oi_fFCs is still lacking. ecjucing emissions of CFCs 

( 
from some uses will be costly and may risk other 
enyironmental damage. Some climate models also 

not yet necessary. ey agree with a European industry 
trade association that "Existing measures and review ] -~ .. fl 

procedures are adequate in the short to medium term \'NY"" 
and therefore no [restriction on CFCs] is needed at the 
present time. " 65 _.,...;S.., 

Both environmental and economic problems vex this • 
wait-and-see approach. _g the only policy adopted is a ~ 
eroduction cap on CFC 11 and 12, substantial depletion v1 
Qpossible because of growth in CFC 113 and other ..,..., 
ozone-depleting substances 66 Depletion is also "'" J 
predicted if CH4, CO2, and other greenhouse gases do V--
not continue growing at recent rates. Small changes in 
t.Q!_al ozone may disguise much larger reductions in ~ 
ozone by latitude and altitude-large environmental 
risks independent of changes m total ozone. ~ 

A wait-and-see policy also E_resumes that changes wi!l ✓ 
be gradual and verifiable, so that "actions can be taken 

24 ~ [,NM1: <\- ~ fl cU k -foo ½ll)u.s b~ <lY\<<~k. 

at any time" without risking serious injury. The sudden Attempts to project the rate of growth in CFC 
unexplained appearance of the seasonal "ozone hole" emissions are riddled with uncertainties.J:Iistorical 
in the Antarctic demonstrates the fallacy of this ex erience su ests that roduction of potential ozone-
assumption. Smaller changes are much more difficult to depleting substances will grow wit economic activit -
verify and distinguish from natural swings. Quite Allowing for a range of economic growth and for 
possibly, large global changes will ~efore vvariation in the growth of specific end uses produces 
scientists can establish conclusively that depletion is wide-ranging possibilities-from near zero to more than 
occurring. 5 percent annual growth to the year 2000. 

Some industry representatives argue that the mere ~ 
threat of regulation limits the a~ctiveness and 

~ 
Quite possibly, large global changes will be A~ 
irreversible before scientists can establish 9<l 

conclusively that depletion is occurring. 

Decision-makers must also consider that substantial 

~

e,dditional releases of chlorine from CFCs now stored in 
rigid foams, refrigerators, and other sealed uses will be 
9-lmost inevitable , For example, releases of CFC 11 and 
12 from companies reporting to the Chemical 
Manufacturers Association totalled 630 million kilograms 

C.. .; rt) in 1984, bu cu u ative unre eased production 
r-J,'l amounted to 1,534 rm 10n • ograms. Almost all of this 

~ amount is difficult to recover and will eventually be 
~ • released, albeit slowly and gradually. 

[ 
Another problem to be faced is that CFC emissions J 

cannot be reduced instantly. The transition to 
s_ubstitutes and controls will take time. If nothing is 
done until ozone damage is upon us, governments will 
still need time to implement polic,ies a_!},d industries time~ 
to switch to substitutes . As a result, substantial 

[ 
additional emissions could occur for many yg_ar.5..i!.fter ~ 
poliSY decision is made. _j 

All in all, the serious environmental risks associated 
with a wait-and-see policy make it inadvisable. Sensible 
policy dictates a more cautious approach. This 

[

pl:!,ilosophy is reflected in Section 157 of the Clean Air J 
Act, which requires action if any substances "may 
reasonably be anticipated" to endanger the ozone layer. 

Allowing increased ~ use while research continues 
a!§._o has an economic price. The timing and scope of the 
actions ultimately needed if any, depend on CFC 
growth rates: the faster emissions increase, the sooner 

The faster emissions increase, the sooner 
actions may be needed and the more 
draconian they must be to keep 
concentrations within desired bounds. 

agiQ_ns may be needed and the more draconian thfy 
must be to keep concentrations within desired bou!\ds . 
The rate of growth in CFCs is therefore a critical but 
highly uncertain factor . 

_likelihood of further investment in new CFC production 
capacity. When the threat of regulation triggers or 
follows changes in consumer preference-as it did with 
aerosols in the 1970s-this makes sense.67 oweve • 
dem -84, the 
threat of regulation alone may not deter investment . 
Since the._£_~ital cost of producing CFCs is small 

~lative to total production costs, only a small ri;;-i~ 

The threat of regulation did not prevent 
DuPont and Daikin from announcing in 
March 1986 a joint venture to build a larger 
new CFC production plant in Japan. 

CFC prices wou)d be needed to allow rapid cost.., 
r~y, minimizing the risk to producers from future 
regulatory action. 68 Some plants could also be modified 
to produce CFC 22, which is not likely to be regulated . 
Indeed, the threat of regulation did not prevent DuPont 
and Daikin from announcing in March 1986 a joint 
venture to build a larger new CFC production plant in 
Japan. 69 

The possibility of growth in CFC demand greater than 
expected must also be considered. CFC growth rates in 
developing countries could be very rapid-even higher 
than economic growth-if, for example, a high priority 
is assigned to food storage and refrigeration . 

The possibility of new or unanticipated demands for 
CFCs-such as the rapidly growing demand for CFC 
113 as a solvent for cleaning computer circuit boards­
further complicates long-term forecasting . Another 
energy crisis could also increase demand for insulation 
containing CFCs. While the timing and magnitude of 
new uses are inherently difficult to predict, CFCs' many 
attractive qualities-they are non-toxic, non-flammable, 
nearly inert, and efficient insulators and refrigerants­
make new uses a serious consideration. 

The impact of short-term growth on future policy is 
evident from Figure 11, which illustrates how different 
emissions-growth rates affect atmospheric concentration 
of CFC 12. (The figure would have a similar but slightly 
different form for the other CFCs, reflecting differences 
in atmospheric lifetimes.) Because CFCs linger in the 
atmosphere for decades, emissions would have to be 
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Figure 11. CFC-12: Atmospheric Concentrations from 
Different Emiss10n Trajectories (ppbv) 
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( Atmospheric concentrations of CFC-12 will continue to rise unless 
\smissions are cut. Holding emissions constant at today's level or 

even 15% or 5 % lower would still ailow atmos heric 
concentrations to grow. Only a cut o 85 % or more could stabilize 
atmospheric concentrations. 

is~ 
Source: J.Hoffman, "The Importance of Knowing Sooner," in J.Titus, 

ed., Effects of Changes in Stratospheric Ozone and Global 
Change (Washington: EPA, 1986) 

s\~ c~M\V\ J:°rAo~ L~11N.--
cut by approximatel~85 percent and then held constant 
!2 stabilize atmospheric concentration§.._Even with 
constant emissions, atmospheric concentrations will 
continue to rise with any reduction smaller than 85%. 

The difference between 1. 5, 3 percent, or 
higher growth in CFC emissions would 
radically affect the timing and severity of 
actions needed to keep chlorine 
concentrations below what are currently 
viewed as possible prudent upper bounds. 

Table 7 puts ozone depletion in another light by 
revealing the reduction in emission rates necessary in 
different years if atmospheric concentrations are to 

t remain below 16 ppbv, in 2100, given different CFC 
growth rates. (16 ppbv was used because some models 
show signllicant DQDlioeariQ( in ozone depletion at thg 
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concentration. The cprreot concentration is about 2.5 
.ppbv.) If the global avera e increase in CFC emissions ) 
je even 1. percent, e~ssions must be reduce almost 
i:rn_mediately to keep atmospheric chlorine below 16 
ppbv in 2100. If no action is taken until 2030, growth 
must be reduced from 1.5 percent per year to 0.34 
percent per year to stay below 16 ppbv in 2100. 

If the near-term annual growth rate is Jbree percent, 
still less than in recent rears, fc\!.._more stringent policies 
'Yould be needed to stay below a 16 ppbv limit. (See ' 
Table 7.) Actions in 1990 would have to reduce the 
gfowth rate by a factor of nearlyrolir,to0.77 percent 
per year, to keep Clx below 16 ppbv in 2100. In 2000, 
growth w~ld have to fall to 0.42 percent. After this 
date,~fttiY.f..growth rates would be necessary to keep 
c~r~(ons below 16 ppbv in 2100. 

Most likely, the rate at which reductions might be 
required would affect control costs significantly because 

...e.quipme~uld have to be phased out. Negative 
growth in CFC use was possible for stretches of several 
years in the past because aerosol uses of CFCs could be 
reduced with negligible (or at least tolerable) economic 
impacts. Since aerosol uses now represent a much 
smaller percentage of global CFC use while non-aerosol 
~es have been growing steadily the opportunity for 
sun1lar, rplative1y pr1in!ess. reductions has diminishedr 

( 

Clearly, growth in CFC emissions would radically 
affect the timing and severity of actions needed to keep 
chlorine concentrations below what are currently 
viewed as possible prudent upper bounds. Adopting 
policy strategies that minimize the risk that rapid, dramatic 

Table 7. Effect of 1.5 and 3 percent CFC Growth 
on Timing and Severity of Emissions 

Reductions Necessary to Keep 
Chlorine Concentrations Below 16 

ppbv in2100 

Maximum Allowable Maximum Allowable 
Year Growth Growth from Growth from 
Reduced 1.5% baseline* 3% baseline* 

1990 0.73% 0.77% 
2000 0.85% 0.42% 
2010 0.73% 0.00 
2020 0.57% negative 
2030 0.34% negative 

Note: Unrestricted 1.5 percent CFC growth results in exceeding 16 
ppbv Clx in 2075; unrestricted 3 percent growth exceeds 16 
ppbv Clx in 2044. 

*The Maximum Allowable Growth Rate is that rate of average 
annual increase in emissions which can be maintained in the 
year indicated without resulting in atmospheric concentrations 
of Clx greater than 16 ppbv in 2100. 

Source: Authors ' calculations. 

reductions in CFC use will be needed later is therefore an 
important objective. -

Possibly, as some authorities argue, future growth in 
CFC emissions will not follow historical experience, but 
will instead be much less. 70 But, if growth is low, 
carefully crafted policy measures to reduce emissions 
could rather painlessly permit some limited CFC use in 
the future and insure that drastic reductions to keep 
atmospheric concentrations of chlorine at safe levels 
would not be required. 

Of course, action can b an time, but not 
with equivalent cost or risk. The sooner reductions are 
made, the more future uses will be protected. 

Each pound of CFCs currently consumed in 
aerosol sprays may be a pound not available 
for much higher valued uses in the future. 

Conversely, growing short-term CFC use for economically 
marginal applications, such as aerosols and retail food 
packaging, also circumscribes future opportunities to 
use CFCs for higher-value applications-such as the 
cleaning of plastic components for electronics. Each 
pound of CFCs currently consumed in aerosol sprays 
may be a pound not available for much higher valued 
uses in the future. 

3. What Policy Strategies Will Probably Be 
Most Effective and Workable? 

~

While obtaining international agreement on the need] 
or further regulation of CFCs has been difficult, 
iscussions of how fast and by what means restrictions 
hould be achieved have been even more challenging. 

As noted, governments have naturally advocated 
policies that they have already adopted-a ban on new 
production capacity in Europe and a ban on aerosols in 
the United States, Canada, Sweden, and Norway. 
Fortunately, the two-year dialog initiated by the 
Convention has prompted participants to reconsider 
the relative merits of alternative policies. 

Intew_ational discussion has focussed on three basic 
t) issues½vhat limits should b ed on the roduction 

-, and use of CFCs no ':- ow responsibility for meeting 
( §) any such limits should be allocated among nations; and 
0)\illether national policies are oeeded to implement 

~bal limits. Domestic consideration of these issues 
involves somewhat different issues, since each country 

, . ,.,.]). will have to decide how to reduce its CFC use to stay 
Q.tl;Cl.,iwithin negotiated limits. Some strategies are difficult if 
1V-DQt impossible to adopt on an international basis . For 
'"" example, eipission taxes have many desirable features 

,.. ~,... but probably can only be implemented on a country by 
1~· \country basis. 

Limiting CFC Production and Use? 
or\ 

()fr~ 

~) 
Although phasing out all uses of CFCs immediat 

would offer the most protection from ozone depletion 
~nd climate change, the risks may not justify the likely 
~ Such proposals also invite political opposjtjon . 
An international approach will work only if accepted by 
virtually all major CFC producers and users, and 
proposals based on sharp reduction probably won't 
meet this test. More realistic is adopting different 
strategies to meet both short and long-term goals, both 
international and domestic needs. 

As explained here, policies implemented in the next 
few years will greatly affect the long-term cost of 
&;ntrols. The short-term need is for policies that wilL.Jll 
a minimum, r,cierse recent growth trends and begio 11 
steady reductions in CFC use, providing producers and - • 
users with a clear signal to seek out alternatives to 
CFCs. 

-- Neither the EEC's capacity cap nor the United StatM' ✓ 
aerosol ban meets these objectives, patticularly since 
any agreement may take years to implement and no 
additional action can realistically be expected for several 
years thereafter. Although constraining total 
production 1s conceptually sound, available excess 
capacity means that this approach will not be effectiv 
soon enough. Europe now has enough excess capacity 
t,2. meet increased demand until perhaps the year 2010.7 1 

Recent sales data indicate that EEC sales of CFC 11 and 
12 increased over 5 percent from 1982 through 1984.72 

Indeed, by the Commission's own analysis, no "bite" 
is expected until 1995 at the earliest. 73 

Recent sales data indicate that EEC sales of 
CFC 11 and 12 increased over 5 percent 
from 1982 through 1984. 

The aerosol ban-which is not adequate to limit CF 
growth and promote long-term substitutes-is also 
flawed. As the U.S. experience illustrates, eliminatin 
any specific uses of CFCs, even all aerosols, can over 
time be offset by growth in other uses. Restricting only 
designated uses may even be counter-productive if 
remaining users interpret such policies as a license t 
use more and take more time to look for alternatives. 

A better approach was suggested by Canadian ~ 
representatives to the September 1986 workshop . r~' 
Canada proposed an international cap on CFC :_·, , ... ~\il' 
consumption set at one third less than estimated current t>€ 
global capacity for producing CFC 11 and 12, which is 
about 1240 million kilograms. This would mean a globJI ] 
li_mit of about 800 million kilograms, roughly equal lo 
recent global use . Consumption may be harder to 
monitor than production, but this policy does not 
unfairly favor countries with either more or less 

7 



production in place. Presumably, existing producers 
would compete for the permitted market. Depending 
on how this amount was allocated among nations, 

"rt'-~ countries that now use large volumes of CFCs might 
~ have to make significant cutbacks. 

\I [ According to our analysis, ~he optimal approach is to J 
l') v' ~ the allowable total limit at one-third below estimated 

~_;f. c;urrent production of CFC's. This level factors in the 
~~ vlikelihood that any agreement may not take effect for 
~~ several years as well as the opportunity to expeditiously 
~v- ✓ eliminate use of CFCs for aerosols, food packaging, an~ 

~-
((''-' 

~ 

other uses with commercially competitive substitutes. A 
commitment to short-term reductions of this magnitude 
should promote the development of substitutes so that 
over the longer-term-perhaps a decade- CFCs can be 
phased out with the least economic disruption. 

We further advocate allowing a credit in the form of 
additional permitted consumption for amounts 
recaptured rather than obtained from new production. 
Any sound agreement will encourage recycling and 
incineration even though doing so will add to the 
administrative burden. 

Any sound agreement will encourage 
recycling and incineration even though 
doing so will add to the administrative 
burden. 

As for which chemicals any agreement should cover.. 
most discussion has focussed on CFC 

owever, tb£.,_United States has proposed a cap on all 
.fully halogenated alkanes, including the ha)aos as ~ell 
as the listed CFCs. Use of CFC 113 for solvent 

~.,p. applications is rapidly growing and now roughly equals 
\ \ '> ~ the use of CFC 11 in the United States. CFC 113 may 

\ \ I)"' also be used as a substitute for some existing uses of 
CFC 11 and 12, so its use should therefore also be 
~ulated. The halons, increasingly important, should 
also be included. 

Allocating Allowable Production 

Whatever limit is imposed on production or 
consumption of CFCs, some allocation formula is 
needed to determine the amounts specific countries 
would be allowed. The Canadian proposal allocates 75 
percent of permitted consumption to countries 
according to their GNP (reflecting current demand) and 
the remainder according to their population (to reflect 
potential demand) ee Table 8 

On balance, th anadian ro osa allows ~ 
.increased use of CFCs in developing countries and, 
~asically calls for an immediate cutback in use by~ 
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~ 
J.!nited States and Euro~ This scheme is fair given that 
these countries have already obtained large economic ✓ 
]Jenefjts from CFCs an<l are largely responsible for the 
problem: The incentive to develop substitutes in the 
industrialized countries will also help produce ✓ 
alternatives for the developing countries, so much of 
the permitted allocation to the developing countries 
may never be used. 

The potential for swapping usage rights raises 
difficult trade-offs. On the one hand, if trading were 
allowed, global use of CFCs would rise and a lower 
overall limit would be needed to achieve the same result 
as a no-trading policy. Trading also adds administrative 
complexity, and cheating is always possible. On the 
other hand, trading would encourage developing 
countries to sign the treaty and would promote 
recognition that the atmosphere is a scarce resource, 
with value to all nations. As a practical matter, the 
political desire to keep the treaty simple may discourage 
interest in a trading system, but practical means of 
implementing such a scheme should be carefully 
considered. 

Table 8. Allocations Made Under Canadian Example 
(Millions Of Kilograms) 

U.S. 
EC 
Japan 
East Bloc 
Canada 
China and 
Centrally-
Planned Asia 

Canadian 
Example• 

162.4 
138.4 
57.2 

117.3 
17.9 
79.1 

Currentb 
(CFC-11 & 12) 

238.1 
218.8d 

57.51 

60.0S 
21.0 
18.Qh 

Currentb 
(CFC-11, 12, 113) 

290.8c 
259.s• 

? 
? 
? 
? 

a. Quotas computed using Canadian algorithm on population and 
GNP data for 1975 with a global emissions limit of 812 million 
kilograms. 

b . Data for 1984 unless noted otherwise. 
c. CFC-113 projected for 1983. 
d. Has subtracted out exports which are 33% of total current 

production . 
e. Also includes CFC-114. 
f. Data for 1985. 
g. USSR production capacity-does not include imports . 
h. China only-does not include imports. 

Source: EPA, 1986. 

National Policies for Implementing 
Global Limits 

If global and national CFC limits are established 
(other than a ban on new production capacity), further 
national policies to reduce emissions may or may not be 
necessary. Producers could allocate the allowed amount 

suppor 
individ 
reg_ulat 

ed 

es will make 

If global and national CFC limits are 
established, further national policies may or 
may not be necessary. 

predict what reductions will be achieved voluntarily, 
especially since reductions in demand will tend to lower 
CFC prices and reduce the incentive for substitution. 

A consum tion lim1 even if enforced by regulation, 
ma not a one romote short-term develo ment and 
introduction of more cost y chemical substitutes to 
CFCs since uncertainty surrounds opportunities for 
r~Hug, alternative products, and cheaper substitutes. 
Most producers will wait to see how the market 
responds before introducing products that may cost 
several times as much as current CFCs-witness 
DuPont's recent statement that it could produce CFC 
substitutes in commercial quantities in five years but 
that current policies make the expense unjustifiable. 

n,.e most effective means of assuring a minimum 
fyture price for CFCs is t~x "ffiem_)Although other 
policies could cost less, the tax would affect a larger 

t,11- market-all uses of CFCs, not just future unmet 
X demand. A tax would thus ~ve producers a greater 

r,.'> <;b.ance to recoup the cost of new chemicals. Of course, 
~\ 9- such a tax would have to be high enough to make 
~ ~expensive substitutes attractive. While our analysis is 

b-°~\\~~ 

-\"~~/\ ?~ 

t 
necessarily preliminary given the lack of detailed dola, n 
.,tax of $5 a pound, phased in over several years, should 
be more than adequate to make substitutes appeal in~: 

, ), J 

This would not raise the cost of most CFC uses 
noticeably; the price of refrigerators and automotive 
conditioners, for example, should not rise more than 
about $10 each. 

IJ A·, 

A tax would also allow governments, rather than 
chemical producers, to benefit from the increase in 
selling price that may occur if consumption or 
production limits are set. The revenues captured could 
be used to support research on ozone depletion and 
climate change. 

The perception of all parties to the international 
process is that taxation of CFCs by international 
~eement is well-nigh impossible. Nevertheless, 
adopting a tax in addition to setting consumption limits 

Implementing a tax in addition to setting 
consumption limits is in the interest of 
individual countries poised to assume world 
leadership in the development of substitutes 
for CFCs. 

is in the interest of individual countries poised to 
assume world leadership in the development of 
substitutes for CFCs. In the United States, several 
Senators have already proposed adopting policies to 
promote a total phase-out of CFCs, supported by 
restrictions on the import of lower-priced products 
made with CFCs. 75 
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IV. Conclusions 

The scientific evidence and policy concerns outlined 
in this report have generated substantial momentum 

toward new restrictions on CFCs in recent months . In 
March 1986, EPA Administrator Lee Thomas stated that 
' 'We may need to act in the near term to avoid letting 
today's 'risk' become tomorrow's 'crisis'. " In 
~eptember, the Alliance for Responsible CFC Policy, 
announced support for a "reasonable global limit" on 

P CFC growth. Large increases in CFC emissions, said the 
Alliance would be "unacceptable to future generations. " 
In a separate statement, the DuPont company noted 

< <Y v 

that "Neither the marketplace nor regulatory polic 
has provided the needed incentives" to just~ 
investments in alternatives to CFCs. 

The scientific community has also added its voice to 
the call for action. The Advisory Group on Greenhouse 
Gases, sponsored by the World Meteorological 
Organization (WMO), International Council of 
Scientific Unions (ICSU), and United Nations 

nvironment Programme (UNEP), stated in July 1986 
that many uses of CFCs ' ' can hardly be considered 
essential," and "international action to reduce 
;elease[s] . . . is technically possible, and if achjeved, 
~ould be a ya)uab)e precautionary and preventive 
measure both to slow climate warmin~ and to protect 
the ozone layer '' 

Even as the political consensus grows, so do potential 
opportunities to reduce CFC emissions . Chemical 

~\- substitutes for fully-halogenated CFCs may become 
~ 1V available in volume for most applications in about five 
~ years. Recycling and other low-cost alternatives are also 

,IJ available for some uses . However, these options won't 
be seized unless governments create incentives . 

Building the international consensus necessary to 
phase out CFC emissions will take time. In the short 
term, it i~realistic to expect that participants in t~ 

Convention process can agree to reduce global CFC 
emissions by an amount roughly equal to current use in 
aerosol sprays, or about one third . The United States 
could meet this target despite its aerosol ban by 
adopting the measures suggested in Table 5. This move 
would be a major step forward and a clear signal to 
industry to begin searching for alternatives . 

Individual actions by the U.S. and by other leading ~ 
nations may also be necessary, even if an international 
protocol is adopted. Beyond the inherent difficul~ of 
enacting any international agreement with meaningful 
restrictions, the Convention's effectiveness may also be_ 

....s.ompromised by the absence (or delayed participation) 
of some countries and the likelihood that not all ozone-
j.epleting substances would be covered. Even bringing 
CFC production down to one third below recent levels­
an ambitious goal-will not eliminate some significant 
environmental risks and may not induce investment in 
new chemicals, which will require considerable start-up 
capital and assurances of large markets. 

Should further U.S action prove necessary, a tax 
should be imposed on CFCs, phased in over five years 
to assure producers of i!_future price high enough to 
,iEstify producing chemical alternatives. (As noted, a 
final tax of $5 per poii'n(lwould not cause the retail price 
of consumer goods to rise significantly but should 
justify immediate major investments in alternatives .) 
This tax should be supported by import restrictions to 
assure that domestic manufacturers do not suffer 
competitive disadvantage . 

The challenge of protecting the ozone layer may be a 
harbinger of humankind's ability to address other long­
term threats to the earth's future. Alternatives are 
available and the cost is modest. The issue is whether 
the needed political will can be marshalled before those 
costs rise . 
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Appendix 
Atmospheric Chemistry and Ozone 
Concentrations: Some Basics 

From World Meteorological Organization Global 
Ozone Research and Monitoring Project-Rep. No. 16, 
Atmospheric Ozone 1985, pp. 27-28. 

Ozone is present in the earth's atmosphere at all 
altitudes from the surface up to at least 100 km. The 
bulk of the ozone resides in the stratosphere with a 
maximum ozone concentration of 5 x 1012 molecule 
cm-3 at about 25 km. In the mesosphere ( > 60 km) 0 3 
densities are quite low ... Although 0 3 concentrations 
in the troposphere are also less than in the stratosphere, 
ozone plays a vital role in the atmospheric chemistry in 
this region and also affects the thermal radiation 
balance in the lower atmosphere. 

Atmospheric ozone is formed by combination of 
atomic and molecular oxygen. 

0 + 0 2 + M - 0 3 + M (1) 

where M is a third body required to carry away the 
energy released in the combination reaction. At 
altitudes above approximately 20 km production of 0 
atoms results almost exclusively from photodissociation 
of molecular 0 2 by short wavelength ultraviolet 
radiation ( >.. < 243 nanometers): 

0 2 + hv - 0 + 0 (2) 

At lower altitudes and particularly in the troposphere, 
0 atom formation from the photodissociation of 
nitrogen dioxide by long wavelength ultraviolet 
radiation is more important: 

NO2 + hv - NO + 0 (3) 

Ozone itself is photodissociated by both UV and visible 
light: 

0 3 + hv - 0 2 + 0 (4) 

but this reaction together with the combination reaction 
(1) only serves to partition the 'odd oxygen' species 

between O and 0 3. The production processes (2) and (3) 
are balanced by chemical and physical loss processes. 
Until the 1950s, chemical loss of odd oxygen was 
attributed only to the reaction: 

0 + 03 - 02 + 02 (5) 

originally proposed by S. Chapman (1930). It is known 
that ozone in the stratosphere is removed predominantly 
by catalytic cycles involving homogenous gas phase 
reactions of active free radical species in the HO" NO., 
CIO" and BrO. families: 

X + 0 3 - XO + 0 2 (6) 
XO + 0 - X + 0 2 (7) 

net: 0 + 0 3 - 202 

where the catalyst X = H, OH, NO, Cl and Br. Thus 
these species can, with varying degrees of efficiency, 
control the abundance and distribution of ozone in the 
stratosphere. Assignment of the relative importance 
and the prediction of the future impact of these catalytic 
species is dependent on a detailed understanding of the 
chemical reactions which form, remove and interconvert 
the active components of each family. This in turn 
requires knowledge of the atmospheric life cycles of the 
hydrogen, nitrogen and halogen-containing precursor 
and sink molecules, which control the overall 
abundance of HO., NO. and CIO. species. 

Physical loss of ozone from the stratosphere is mainly 
by dynamical transport to the troposphere where 
further photochemically driven sources and sinks 
modify the ozone concentration field . Ozone is 
destroyed at the surface of the earth so there is an 
overall downward flux in the lower part of the 
atmosphere. Physical removal of ozone and other trace 
gaseous components can also occur in the precipitation 
elements and on the surface of atmospheric aerosols. 
Since most of the precursor and sink molecules for the 
species catalytically active in ozone removal in the 
stratosphere are derived from or removed in the 
troposphere, global tropospheric chemistry is a 
significant feature of overall atmospheric ozone 
behavior. 
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Numerical simulation techniques are used to describe 
and investigate the behavior of the complex chemical 
system controlling atmospheric composition, the 
models having elements of chemistry, radiation and 
transport. The chemistry in such models may include 
some 150 elementary chemical reactions and 
photochemical processes involving some 50 different 
species. Laboratory measurements of the rates of these 
reactions have progressed rapidly over the past decade 
and have given us a basic understanding of the kinetics 
of these elementary processes and the way they act in 
controlling ozone. This applies particularly in the upper 
stratosphere where local chemical composition is 
predominantly photochemically controlled. 

It has proved more difficult to describe adequately 
both the chemistry and the dynamics in the lower 
stratosphere. Here the chemistry is complicated by the 
involvement of temporary reservoir species such as 
HOCl, H2O2, HNO3, HC11 HNO4, N2O5 and ClONO2 

which 'store' active radicals and which strongly couple 
the HOx, NOx and ClOx families. The long 
photochemical and thermal lifetimes of ozone and the 
reservoir species in this region give rise to strong 
interaction between chemistry and dynamics (transport) 
in the control of the distribution of ozone and other 
trace gases. Moreover, seasonal variability and natural 
perturbations due to volcanic injections of gases and 
aerosol particles add further to complicate the 
description and interpretation of atmospheric behavior 
in this region. Most of the changes in the predicted 
effects of chlorofluoromethanes and other pollutants on 
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ozone column density have resulted from changes in 
our view of the chemistry in the lower stratosphere. A 
great deal of importance must therefore be attached to 
achieving an understanding of the key factors in ozone 
chemistry in this region of the atmosphere. 

Description of atmospheric chemistry in the 
troposphere is similarly complicated by dynamical 
influence and additionally by the involvement of the 
precipitation elements (i.e. cloud, rain and snow) in the 
chemical pathways. The homogeneous chemistry of the 
troposphere is centered round the role of the hydroxyl 
radical in promoting oxidation and scavenging of trace 
gases released from surface terrestrial sources. 
Tropospheric OH is an important issue for stratospheric 
ozone since it controls the flux of source gases such as 
CH4, halogenated hydrocarbons, and sulfur 
compounds to the stratosphere. Although the 
mechanisms are more complex due to the involvement 
of larger and more varied entities, the overall pattern of 
relatively rapid photochemical cycles involving a 
coupled carbon/hydrogen/nitrogen and oxygen 
chemistry is similar to that in the stratosphere. The 
photochemical cycles influence both the odd hydrogen 
budget and also, through coupling of the hydrocarbon 
oxidation with NO2 photochemistry, the in situ 
production and removal of tropospheric ozone. The 
concentration and distribution of tropospheric ozone is 
important in respect of its significant contribution to the 
total ozone column, and its radiative properties in the 
atmospheric heat balance. 
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