
\&/TP2 I1 
WORLD BANK TECHNICAL PAPERNUMBER271, q5
ENERGY SERIES

Technological Development
and Pollution Abatement
A Study of How Enterprises Are Finding Alternatives
to Chlorofluorocarbons

Kulsum Ahmed

?1 Akib-

P
ub

lic
 D

is
cl

os
ur

e 
A

ut
ho

riz
ed

P
ub

lic
 D

is
cl

os
ur

e 
A

ut
ho

riz
ed

P
ub

lic
 D

is
cl

os
ur

e 
A

ut
ho

riz
ed

P
ub

lic
 D

is
cl

os
ur

e 
A

ut
ho

riz
ed



RECENT WORLD BANK TECHNICAL PAPERS

No. 191 Frederiksen, Water Resources Institutions: Sonie Principles and Practices

No. 192 McMillan, Painter, and Scudder, Settlement and Development in the River Blindtness Control Zonle

No. 193 Braatz, Conserving Biological Diversity: A Strategyfor Protected Areas in the Asia-Pacific Region

No. 194 Saint, Universities in Africa: Strategies.for Stabilization and Revitalization

No. 195 Ochs and Bishay, Drainage Guidelines

No. 196 Mabogunje, Perspective oni Urban Lanid and Land Management Policies in Sub-Saharan Africa

No. 197 Zymelman, editor, Assessinig Engineering Educationi in Sub-Saharani Africa

No. 198 Teerink and Nakashima, Water Allocation, Rights, and Pricing: Examples from Japan and the United States

No. 199 Hussi, Murphy, Lindberg, and Brenneman, Thle Development of Cooperatives and Other Rural Organizationis:
The Role of the World Bank

No. 200 McMillan, Nana, and Savadogo, Settlemient and Development in the River Blindness Control Zone: Case Study of
Burkitta Faso

No. 201 Van Tuijl, Im,provitig Water Use in Agricul(ture: Experiences in the Middle East anid North Africa

No. 202 Vergara, The Materials Revolution: What Does It Mean for Developing Asia?

No. 203 Cleaver, A Strategy to Develop Agricultlure in Sub-Saharan Africa and a Foclusfor the World Bank

No. 204 Barghouti, Croniwell, and Pritchard, editors, Agricultural Technologiesfar Market-Led Developntent
Opportunities in the 1990s

No. 205 Xie, Kiuffner, and Le Moigne, Using Water Efficiently: Technological Options

No. 206 The World Bank/FAO/UNIDO/lndustry Fertilizer Working Group, World and Regiotial Supply and Demand
Balancesfor Nitrogen, Phwsphate, and Potash, 1991/92-1997/98

No. 207 Narayan, Participatory Evaluationt: Tools for Managing Change in Water and Sanitation

No. 208 Bindlish and Evenson, Evaluiation of the Performianice of T&V Extension ini Kenya

No. 209 Keith, Property Tax: A Practical Manualfor Anglophone Africa

No. 210 Bradley and McNamara, editors. Livinig with Trees: Policiesfor Forestry Maniagentent in Zimbabwe

No. 211 Wiebers, Integrated Pest Mantagemenit and Pesticide Regulation in Developing Asia

No. 212 Frederiksen, Berkoff, and Barber, Water Resources Management in Asia, Volume 1: Main Report

No. 213 Srivastava and Jaffee, Best Practices for Moving Seed Technology: Nev' Approaches to Doing Buisiness

No. 214 Bonfiglioli, Agro-pastoralism in Chad as a Strategyfor Survival: An Essay on the Relationship between
Aittltropology and Statistics

No. 215 UDali, Irigation-Induced Salinity: A Growing Problem, for Development anid the Environment

No. 216 Carr, Improving Cash Crops in Africa: Factors Influencing the Productivity of Cotton, Coffee, and Tea Grown by
Smiallholders

No. 217 Antholt, Getting Ready for tie Twenty-First Century: Technical Change anid Institutional Modernizatiotn in Agriculture

No. 218 Mohan, editor, Bibliography of Puiblications: Technical Departnmetit, Africa Region, IiIly 1987 to Decemtber 1992

No. 219 Cercone, Alcohol-Related Problem s as an Obstacle to the Development of Human Capital: Issues atid Policy Options

No. 220 Kingsley, Ferguson, Bower, and Dice, Maniaging Urban Environntental Quiality in Asia

No. 221 Srivastava, Tamboli, English, Lat, and Stewart, Conserving Soil Moisture atid Fertility in the Wami Seasonally Dry Topics

No. 222 Selvaratnam, Innovations in Higher Education: Singapore at the Comipetitive Edge

No. 223 Piotrow, Treiman, Rimon, Yun, and Lozare, Strategies for Family Planning Promotion

No. 224 Midgley, Urban Transport in Asia: Anl Operational Agenda for the 1990s

No. 225 Dia, A Govemnance Approach to Civil Service Reform int Sub-Saharan Africa

No. 226 Bindlish, Evenson, and Gbefibouo, Evaluation of T&V Based Extension ini Buirkina Faso

No. 227 Cook, editor, Involuntary Resettlement in Africa: Selected Papersfrom a Conference oal Enivintimie,it anid
Settlenteit Issues itt Africa

(List continues on the inside back cover)



WORLD BANK TECHNICAL PAPER NUMBER 271

ENERGY SERIES

Technological Development
and Pollution Abatement

A Study of How Enterprises Are Finding
Alternatives to Chlorofluorocarbons

Kulsum Ahmed

The World Bank
Washington, D.C.



Copyright © 1995
The International Bank for Reconstruction
and Development/THE WORLD BANK

1818 H Street, N.W.
Washington, D.C. 20433, U.S.A.

All fights reserved
Manufactured in the United States of America
First printing April 1995

Technical Papers are published to communicate the results of the Bank's work to the development com-
munity with the least possible delay. The typescript of this paper therefore has not been prepared in accor-
dance with the pnrcedures appropriate to formal printed texts, and the World Bank accepts no responsibili-
ty for errors. Some sources cited in this paper may be informal documents that are not readily available.

The findings, interpretations, and conclusions expressed in this paper are entirely those of the
author(s) and should not be attributed in any manner to the World Bank, to its affiliated organizations,
or to members of its Board of Executive Directors or the countries they represent. The World Bank does
not guarantee the accuracy of the data included in this publication and accepts no responsibility whatso-
ever for any consequence of their use. The boundaries, colors, denominations, and other information
shown on any map in this volume do not imply on the part of the World Bank Group any judgment on
the legal status of any territory or the endorsement or acceptance of such boundaries.

The material in this publication is copyrighted. Requests for permission to reproduce portions of it
should be sent to the Office of the Publisher at the address shown in the copyright notice above. The
World Bank encourages dissemination of its work and will normally give permission promptly and,
when the reproduction is for noncommercial purposes, without asking a fee. Permission to copy por-
tions for classroom use is granted through the Copyright Clearance Center, Inc., Suite 910, 222
Rosewood Drive, Danvers, Massachusetts 01923, U.S.A.

The complete backlist of publications from the World Bank is shown in the annual Index of
Publications, which contains an alphabetical title list (with full ordering infornation) and indexes of sub-
jects, authors, and countries and regions. The latest edition is available free of charge from the
Distribution Unit, Office of the Publisher, The World Bank, 1818 H Street, N.W., Washington, D.C. 20433,
U.S.A., or from Publications, The World Bank, 66, avenue d'lena, 75116 Paris, France.

Cover illustration adapted from a graphic by InterNetwork, Inc., in Our Ozone Shield, Reports to the
Nation on Our Changing Planet, no. 2, Fall 1992, published by the University Corporation for
Atmospheric Research and the National Oceanic and Atmospheric Administration (NOAA); graphic file
provided courtesy of Mr. John Kermond, NOAA Office of Global Programs, Washington, D.C.

ISSN: 0253-7494

Kulsum Ahmed is a consultant to the Industry and Energy Department of the World Bank.

Library of Congress Cataloging-in-Publication Data

Ahmed, Kulsum, 1964-
Technological development and pollution abatement: a study of how

enterprises are finding alternatives to chlorofluorocarbons / Kulsum
Ahmed.

p. cm.-(World Bank technical paper, ISSN 0253-7494; no.
271)

Includes bibliographical references.
ISBN 0-8213-3120-5
1. Chlorofluorocarbons. I. Title. II. Series.

TP248.H3A38 1994
363.73'84-dc20 94-23780

CIP



ENERGY SERIES

No. 240 Ahmed, Renewable Energy Technologies: A Review of the Status and Costs of Selected Technologies

No. 242 Barnes, Openshaw, Smith, and van der Plas, What Makes People Cook with Improved Biomass Stoves?
A Comparative International Review of Stove Programs

No. 243 Menke and Fazzari, Improving Electric Power Utility Efficiency: Issues and Recommendations

No. 244 Liebenthal, Mathur, and Wade, Solar Energy: Lessonsfrom the Pacfic Island Experience

No. 271 Ahmed, Technological Development and Abatement: A Study of How Enterprises are Finding Alternatives
to Chlorofluorocarbons

No. 278 Wijetilleke and Karunaratne, Air Quality Management: Considerationsfor Developing Countries

No. 279 Anderson and Ahmed, The Casefor Solar Energy Investments





Contents

Foreword ....................................................................... vii

Abstract ....................................................................... ix

Acknowledgments ....................................................................... xi

Abbreviations and Acronyms ....................................................................... xiii

1. Overview ........................................................................ 1

Introduction ................................................................. 1

The M ontreal Protocol ................................................................ 1

Uses of Ozone-Depleting Substances ................................................................ 2

Alternatives to CFCs and Related Substances .......................................................... 4

Costs of Compliance at the Enterprise Level ............................................................ 5 

Findings ................................................................ 6
Aerosols ................................................................ 7

Solvents ................................................................ 7

Foam Blowing ................................................................ 9

Refrigerators and Air Conditioners ................................................................ 9

Fire-Extinguishing ................................................................ 9

2. Aerosols ....................................................................... 13

Status with Regard to Alternatives ................................................................ 13

Costs of CFC-Free Aerosols ................................................................ 14
Cost of Alternative ................................................................ 14

Effect of Alternative on Rest of Product ............................................................. 14

Present Plant Design and Layout ............................................................... . 15

Climate ................................................................ 15

Extent of Special Training Required ................................................................ 15

Economies of Scale ................................................................ 15

v



3. Solvents ..................................... 19

Substitute Solvents .................................. 20

The Costs of Solvent Substitution .................................. 22

4. Foam Blowing ..................................... 25

Alternative Technologies for Foams .................................. 26

Costs of CFC-Alternatives to Foam Blowing .................................. 27

5. Refrigeration and Air-Conditioning ...................................... 31

Substitution and Retrofitting .................................. 31
Domestic Refrigerators .................................. 31

Commercial Refrigerators .................................. 32

Chillers and Heat Pumps .................................. 33

Mobile Air Conditioners .................................. 33

Costs of Alternatives and Retrofits .................................. 34
Domestic Refrigerators .................................. 34

Commercial Refrigerators .................................. 34

Chillers and Heat Pumps .................................. 34

Mobile Air Conditioners .................................. 34

6. Halons ..................................... 37

The Status of Alternatives .................................. 37

Costs .................................. 38

Annex 1. Unit Abatement Costs ..................................... 39

Annex 2. Aerosols Data ........................................................................................................... 41

Annex 3. Solvents Data............................................................................................................ 43

Bibliography .................................................................... 45

vI



Foreword
With the growth of industrial output in developing countries, the key to reducing

pollution to low levels must be a greater use of low-polluting technologies and practices.
For certain activities we know that high levels of abatement can be achieved through such
technologies and practices at a comparatively low cost; in some instances, they have
reportedly reduced costs to industry, while in others costs typically range from around 0.3
percent of output (e.g., food and beverages and textiles) to 1.5 percent (e.g., metals,
chemicals, and petroleum). It has already proved possible to abate pollution by factors of
20 or more per unit of output for many types of emissions from energy production and
use in the industrial countries (emissions of particulates have been reduced in some cases
by factors of 1,000 or more). It follows, then, that the forthcoming expansion of
industrial output and markets in developing countries could be reconciled with the
demands for a cleaner environment.

Although this conclusion is well-known, it still has to be documented sufficiently
well for the purposes of defining policies. Some case studies of particular pollutants and
potential mitigation strategies are available and were reviewed in the World Development
Report 1992. But the portfolio of studies needs to be expanded to cover a wider class of
industries and pollutants. This report is intended as another contribution to the portfolio
of case studies. It discusses the various alternatives that have been developed to address
the problem of ozone depletion in the earth's stratosphere brought about by the use of
CFCs. The paper looks at some of the potential substitutes for ozone-depleting
substances, together with their costs, and is intended to provide a case study of how
enterprises are responding to the problem of finding alternatives to CFCs.

The findings of the present study fall into a not-unfamiliar pattern. When the
problem was first identified, it was thought that alternatives to CFCs would be few and
prohibitively expensive. The opposite has happened. Thanks to technological and
managerial innovation, alternatives have been found for virtually all major applications-
in aerosols, as solvents, for foam-blowing, and as coolants in refrigerators and air
conditioners.

This study was undertaken as an aspect of the World Bank's work on industrial
pollution control. This subject has been an increasingly important part of World Bank
and Global Environment Facility assistance in helping developing countries to reconcile
continuing industrial growth with low local and global pollution.

Richard Stern
Director
Industry and Energy Department
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Abstract
This paper is intended to document the move to low-polluting practices by

enterprises in response to the global problem of stratospheric ozone depletion. The
Montreal Protocol, an international agreement, sets a specific timetable for the phaseout
of chlorofluorocarbons (CFCs) and other substances that deplete the ozone layer. The
paper examines some of the alternatives developed to date to decrease or eliminate use of
these substances. In separate chapters, the paper examines alternatives to ozone-
depleting substances in aerosols, as solvents, in foam-blowing, in refrigerators and air
conditioners, and in fire-extinguishing, together with their associated costs.

* Aerosols. In aerosols, the trend has been to substitute with hydrocarbons, other
pressurized gases, or new devices that eliminate the need for a propellant. In most
cases, switching to hydrocarbons has zero or negative incremental cost, as
investment costs are offset by savings from the lower cost of hydrocarbons.

* Solvents. In solvents, many substitutes have emerged, including aqueous and
semi-aqueous solvents and substitute organic solvents, as well as new processes
that eliminate the need for solvents altogether. In many cases, the cost
implications are negligible; however, good information dissemination is a critical
factor for achieving widespread substitution.

e Foam-blowing. In foam-blowing, many manufacturers are following a stepwise
reduction strategy by switching to use of less CFC, and then to substances with
lower ozone-depleting potential (ODP), followed by zero-ODP substances.
Others are moving directly to zero-ODP substances, such as hydrocarbons,
cyclopentane, and vacuum panel insulation.

* Refrigeration and air-conditioning. The substitute coolant of choice in new
domestic refrigerators and mobile air conditioners appears increasingly to be
HFC- I 34a. Retrofits also assume a great deal of importance in this sector because
of the long lifetimes of the pieces of equipment, as does conservation of existing
CFC refrigerant supplies for servicing needs.

* Fire-extinguishing. In fire-extinguishing, there are no "drop-in" substitutes;
rather, reduction can be attained in most applications by switching to
"conventional" fire-protection methods such as sprinklers, carbon dioxide, foams,
and dry-powder systems. Halons are critical for about 10 percent of current
applications, and for these, careful management of supplies, recycling, and the
setting up of halon banks are necessary.

Overall, the paper finds, response has been impressive, and workable substitutes
or alternative methods are being or have been developed for most applications. In
addition, the costs appear not to be prohibitive and, in some cases, the alternatives even
result in cost savings.
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Overview

Introduction

Output in manufacturing and demand for manufactured goods are doubling every
decade in developing countries. Although the developing countries' per capita
consumption levels of manufactured goods are still relatively small (about 5 percent of
the high-income countries'), their overall output and consumption is likely to rise five- to
tenfold over the next two to three decades, as their populations and per capita incomes
grow (World Bank 1992). But what of the environmental implications? It is obvious
that if the expansion were to take place without pollution abatement policies in place,
environmental damage from all forms of pollution and waste would rise substantially
with output and consumption. The key to reducing pollution to low levels as output
expands must be a greater use of low-polluting and pollution-control technologies and
practices by industry.

The Montreal Protocol

With regard to chlorofluorocarbons (CFCs), the move toward low-polluting
technologies and practices has begun well, as is illustrated by the response to the
Montreal Protocol, which entered into force in January 1989. The protocol is an
international agreement to phase out ozone-depleting substances on a short and specific
timetable. To date, enterprises have moved with impressive speed and technological
innovation to comply with the protocol. In 1986 world annual production of CFCs was
about 1.2 million metric tons (ODP-weighted'; UNEP 1989; Rosemarin 1990); by 1993
(according to Zurer 1993) it had fallen to about half this level. The protocol, it may be
noted, calls for pollution prevention rather than pollution control. It also requires
alternatives to be used after a certain period-whether they are higher in cost or lower
and indeed even if they are only a temporary solution to ozone depletion, as are
hydrochlorofluorocarbons (HCFCs).

1. ODP stands for "Ozone-Depleting Potential." The ODP of an ozone-depleting substance is
measured relative to that of CFC- 11 (which is assigned an ODP of 1.0).

1



2 Technological Development and Pollution Abatement

The destructive effect of CFCs on the ozone layer was first hypothesized by
Rowland and Molina in 1974 in an article published in Nature. The nonreactive nature of
these man-made compounds (which, along with their nontoxicity and low cost largely
accounts for their extensive use) means that they are long-lived in the lower atmosphere
and so survive to diffuse into the stratosphere, where they are broken down by high-
energy radiation, releasing ozone-destroying chlorine atoms. Concern about the danger
to the global environment of stratospheric ozone depletion was heightened by the
measurement of surprisingly low ozone concentrations in the Antarctic in 1984 by a team
from the British Antarctic Survey at Halley Bay. These levels were 40 percent lower than
had routinely been observed about 20 years earlier (see, e.g., Stolarski 1988, Rowland
1990, and Wayne 1991 for more details). Extensive experiments by the scientific
community since have demonstrated that this loss of stratospheric ozone is of chemical
origin and is driven chiefly by the chlorine atoms generated from CFCs (Rowland 1990).

Once CFCs were implicated as a key cause of the thinning of stratospheric ozone,
the first international agreement for limiting/controlling their production and
consumption was agreed: the "Montreal Protocol on Substances that Deplete the Ozone
Layer." It called for the restriction of production and consumption of CFCs and halons to
1986 levels in 1989, followed by reduction to 80 percent of 1986 levels by 1994, and then
to 50 percent of 1986 levels by 1999. Developing countries were less restricted.
Production was allowed to continue to meet domestic needs, but was not allowed to
exceed 110 percent of 1986 levels and was expected to drop back to 90 percent by 1994
and then 65 percent by 1999. Further scientific evidence showed this reduction schedule
to be inadequate, and the protocol was further strengthened at meetings in 1990 in
London. The so-called London Amendments to the Montreal Protocol not only specified
a faster timetable for reducing CFC levels but also called for the complete phaseout of
certain substances. This schedule was revised again at the Third Meeting of the Parties in
Copenhagen in 1992 (see Box 1.1 at the end of this chapter).

Several countries and regions have imposed yet-faster phaseout schedules. For
example, the European Community has imposed limits of 15 percent of 1986 levels in
1994, and from the start of 1995 the production, importation, and sale of CFCs in Europe
is expected to stop. The U.S. Environmental Protection Agency has issued a final ruling
banning all hydrochlorofluorocarbons (HCFCs) for use in aerosols (except medical
devices and certain other essential uses) and in plastic foam products (except foam
insulation and foam utilized to provide for motor vehicle safety) from January 1, 1994
(U.S. EPA 1993a and 1993b). This is in advance of the proposed 2030 deadline specified
by the Copenhagen Revisions to the Montreal Protocol (see Box 1.1).

Uses of Ozone-Depleting Substances

Alternatives to CFCs and other ozone-depleting substances and their costs are
discussed in the following sections based on the five major uses of ozone-depleting
substances-in aerosols, as solvents, for foam-blowing, in air conditioners and
refrigerators, and for fire-extinguishing (Figure 1.1):
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Aerosols. CFCs and methyl chloroform are usually used in aerosols as carTiers of
the active ingredient-that is, as the vehicle in which the active ingredient is
dissolved-or as the propellants that expel the product from the aerosol container.

* Solvents. CFCs are used as solvents in a wide range of industries, including
electronics, medicine, defense, aerospace, and metal cleaning. They are used for
cleaning, in particular for precision cleaning and for the cleaning of flux from
printed circuit board assemblies. Or, they may be used as a carrier of another
substance-for example, of silicone for the siliconization of syringes.

* Foam-blowing. CFCs are used in the blowing of many types of foams for many
products. Examples include flexible polyurethane foam for cushions, bedding,
and carpet underlay; rigid insulating polyurethane foam for refrigerator, freezer,
and building insulation; rigid polyurethane, polypropylene, and polyethylene
foams for packaging; rigid polystyrene sheet foam for egg cartons, food trays, and
carry-out containers; and extruded polystyrene board for building insulation.

* Refrigerators and air conditioners. CFCs are used as the fluid for the cooling
mechanism in refrigerators and air conditioners. They also can also be found in
the insulating foam of refrigerators.

* Fire-extinguishing. Halons are used for extinguishing fires.2

Figure 1.1 World Consumption of CFCs and Halons by
Major Application in 1986 (ODP-weighted)

Mobile ACs, 12%

Aerosols, 23% .::::l.. ndustry/storage/retail/
. .% . . . . .transport, 8%

. . . . . . . .//// Building chillers, 5%. .. . .. ./ ._
::::::::::::. . // . -Domestic refrigeration, 1 %
. . . ... . . .... V_-Dry cleaning, 2%

Others, 5% ' Degreasing
- .- --- -electronics, 10%

Fire extinguishing, -1 /jjj//j

13% lEIRigidfoam, 16%
Flexible foam, 8%

Source: UNEP, Technology Review Panel, 1989, in UNEP 1989.

2. Halons are fully halogenated fluorocarbons containing bromine; they have up to ten times the
ozone-depleting potential of some of the common CFCs.



4 Technological Development and Pollution Abatement

Alternatives to CFCs and Related Substances

Three principal methods have emerged to tackle the problem of finding
alternatives to CFCs and related substances:

Altering the CFC molecule. First, the chemical structure of the CFC molecule can
be altered slightly to make it more conducive to degradation by replacing one of
its chlorine atoms by hydrogen atoms to form hydrochlorofluorocarbons
(HCFCs). The quicker decay of these substances reduces their lifetime in the
atmosphere and thus their harmful effects. However, despite their shorter
residence times in the atmosphere, HCFCs still have some ozone-depleting
potential. For this reason HCFCs are also under a ban, albeit a later one than
CFCs (see Box 1.1). In hydrofluorocarbons (HFCs), all the chlorine atoms are
replaced by other elements such as fluorine and hydrogen, giving it zero ozone-
depleting potential. However, an HFC can have quite different chemical and
physical properties from the corresponding CFC, and therefore it is not
necessarily a "drop-in" CFC substitute; nevertheless, it is still a suitable substitute
for certain applications.

* Substituting another chemical. Another approach is to use a completely different
chemical substitute. This chemical may be in the gaseous phase (such as carbon
dioxide or LPG), or it may be in the liquid phase or aqueous form.

* Changing the manufacturing process or product design to avoid use. A third
alternative is to alter the manufacturing procedure or product design so that
neither CFCs nor CFC substitutes are required.

From the environmental point of view, the ban on ozone-depleting substances
highlights an interesting dilemma that sometimes occurs: the choice between different
environmental problems. Where possible, the alternatives do not create environmental
pollution of a different sort; however, in some cases this is not so. An example of this is
wastewater pollution on switching from CFC-based methods to aqueous cleaning
processes in the electronics industry. This is, however, a treatable problem. The use of
HFCs has also raised some fears, because even though these components have zero
ozone-depleting potential, they have high global warming potentials (Zurer 1994), thus
suggesting that their use could alleviate one environmental problem only to replace it
with another. It is worth noting, however, that HFCs currently form only a very small
proportion of greenhouse gases relative to carbon dioxide and are unlikely to exceed 1 to
2 percent even for ambitious HFC growth scenarios.3 Moreover, the majority of CFCs
are being replaced by alternatives that have no global warming potential at all.

3. Personal communication from Dr. Michael Harris (chairman of OORG Production Sector),
May 1994.
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Costs of Compliance at the Enterprise Level

Estimates of the costs of compliance vary with the following factors:

The alternative chosen. There can be many CFC-substitutes for one application,
and the costs will vary depending on which is chosen (the most cost-effective
alternative in one area may not necessarily be the cheapest in another area).

* The location and existing situation of the enterprise. Costs incurred will depend
on factors such as whether many changes are needed to switch from the existing
situation to the alternative chosen (e.g., for aerosols, costs can be lower for some
enterprises if the alternative requires the use of high-pressure filling machines that
are already in use at the factory). The availabilities and costs of CFCs and the
alternative at the enterprise's location can also give differing cost estimates.

* The timing of substitution. This important consideration comes into play because
non-cost-effective substitutions today could be cost effective tomorrow due to
technical improvements and scale economies; furthermore, new options may be
possible as a result of technical innovation. For example, the U.S. EPA estimated
that the ban on aerosols in the United States in the late 1970s would cost from
$169 million to $267 million per year over four years after its starting date.
Experience has proved otherwise, with substitutes such as hydrocarbons being
cheaper and equal in quality to CFCs (UNEP 1991). Timing is also important
when defining the baseline cost in any incremental cost determination. As the
Montreal Protocol deadline approaches, the price of CFCs is expected to increase
as a result of decreasing production as well as increasing taxes.

For these reasons it becomes difficult to compare costs, and estimates of these costs, even
if they stem from a specific project, often vary. Costs are also affected by a variety of
factors such as economies of scale and the patent or royalty rights on certain alternatives.
Furthermore, many alternatives are not "drop-in" solutions, and therefore the cost of
additional changes also needs to be considered.

This paper looks only at the cost of substitution at the enterprise level. For
developing countries, the analysis uses the estimates given for some projects in the World
Bank-Montreal Protocol investment program (up to June 1993).4 The World Bank is an
implementing agency of the Multilateral Fund for the Implementation of the Montreal
Protocol (MFMP), which gives grants to developing countries for the incremental costs of
reducing ozone-depleting substances. Therefore, choice of this source of information
automatically introduces a certain bias to the results, as projects that are inherently
economical do not receive funding from the MFMP; cost estimates given here are likely
to err on the higher side. Costs have been put on an even footing and have been

4. Estimates of costs, rather than actual costs, are quoted in this paper, unless specified otherwise.
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recalculated using the formula shown in Annex 1.5 They are then quoted as unit
abatement costs (UACs)-that is, the incremental cost per kilogram of ozone-depleting
potential not emitted to the atmosphere; the incremental cost is the additional cost
incurred over the life of the new technology compared with that of the ozone-depleting
substance, taking into account both costs and benefits. In trying to estimate the costs
incurred by enterprises in the industrial world, it was difficult to gather good cost data
from the general literature, and therefore discussion of these costs is limited in the paper.

Costs at the enterprise level are only one component of cost estimates for
complying with the Montreal Protocol at a country or global level. Other types of costs
not covered here include information dissemination costs, research and development
costs, and costs of recycling. An example of the former for industrial countries in the
solvents sector would be the following: the Industry Cooperative on Ozone Layer
Protection (ICOLP), a partnership between the U.S. EPA and some major electronics
firms, has helped to disseminate information about CFC alternatives for solvents in the
United States and therefore has helped to accelerate the switch to CFC alternatives (Zurer
1993 notes that the U.S. electronics industry is virtually CFC-free). However, the cost of
running ICOLP is not taken into account when an industry estimates the cost of switching
to a CFC alternative it has learned about from ICOLP. Another important area that this
report does not cover is the effect of the Montreal Protocol on the production sector (of
CFCs as well as the alternatives).

Findings

When the Montreal Protocol was signed in 1987, many studies predicted that the
costs of compliance would be enormous. Today, however, it appears that for many
applications these costs have been reduced; technical innovation has opened up new
possibilities. The paper finds that costs are very much site- and situation-dependent.
Estimates vary depending on factors such as the alternative chosen, the existing situation,
and the site of implementation. Costs are also changing over time, decreasing as a result
of technical changes and scale economies. Furthermore, the report finds that there are a
number of approaches to eliminating ozone-depleting substances; some are well-
established, having arisen because of earlier CFC bans, and others are relatively new,
with newer alternatives continuously becoming available as a result of focused research
and technical innovation. These approaches include partial substitution, direct
substitution, retrofitting, recycling, and conservation. In the case of direct substitution,
the chosen alternative could be a temporary replacement or a permanent one-that is, the

5. Note that this is different from the formula used by the Montreal Protocol Executive Committee
for the calculation of unit abatement costs; indeed while the same terminology (UAC) is used for both, the
UAC in this report is an economic cost, and has a different sense from that used by the Montreal Protocol
Executive Committee. It is not the intention of the author to suggest or imply alternative formulas to the
Montreal Protocol Executive Committee for their use.
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transition out of CFCs is sometimes through HCFCs, which, under the Copenhagen
Revisions to the Montreal Protocol, are banned after 2030.

Table 1.1 summarizes some typical costs of substitution for ozone-depleting
substances in terms of the unit abatement cost (incremental cost of the alternative per
kilogram of ODP saved; note that one kilogram of the various ozone-depleting substances
has differing abilities to deplete the ozone layer and that these units put all the various
ozone-depleting substances on an even footing in this regard). As a measure of the
"inconvenience" of switching to the alternative, the table also expresses the incremental
cost of the alternative as a percentage of the cost of the ozone-depleting substance being
replaced and attempts to give a feel of what the cost of CFC or halon is, as a proportion
of total costs.6 Differences in price between the CFC and the non-CFC alternative in a
country will naturally depend on whether there is local production and the level of taxes
imposed in the specific country. For the solvents sector, the cost of the solvent is a fairly
insignificant part of the total cost, particularly with regard to the high value of the end
product in the electronics sector. In the foam-blowing sector, the high value of the other
chemicals used in foam-blowing suggests that the cost of the ozone-depleting substance
is again not very high. For aerosols and refrigerators (considering for the latter the non-
CFC refrigerant and replacement compressor only, and disregarding the CFC content of
the insulating foam), an approximate indication of how much extra the customer is
required to pay for the non-CFC option is about 10 percent of the total product value.

Aerosols

The trend in the aerosols sector has been to substitute for CFCs with hydrocarbons
or other pressurized gases, or with new devices that eliminate the need for a propellant
altogether. Several well-established alternatives are available in this sector because of the
ban on CFC use in aerosols imposed by a number of countries, including the United
States, in the late 1970s. For many applications, hydrocarbons are the substitute of
choice, but safety issues deriving from their high flammability do need to be considered.
In most cases, the switch to hydrocarbons has zero or negative incremental cost, as
investment costs are offset by operational savings stemming from the lower cost of
hydrocarbons. There are exceptions to this; in some countries, such as India, where
parallel markets for CFC and hydrocarbon aerosols exist, the hydrocarbon product sells
for a lower price, thus negating any savings for the manufacturer.

Solvents

The solvents sector is marked by the emergence of many CFC substitutes as a
result of focused research; these include aqueous-based solvents, semi-aqueous solvents,
substitute organic solvents (HCFCs and others), and new processes that eliminate
solvents altogether. The cost of the solvent is usually such a small proportion of
operational costs that manufacturers have had no reason to search for alternatives for

6. The cost of the replaced CFC is the distributor's U.S. price (World Bank [MP], 1992e, Table 1).
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Table 1.1 Abatement Percentages and Cost Data of Some Substitutes for
Ozone-Depleting Substances

Cost data

Abate- Incremental
ment cost of

Ozone - w.r.t UAC alternative as
depleting ozone ($kg of %of cost of
substance depletion OPD CFC

Use replaced Substitute (%) saved) replaced (%) Remarks

Aerosols CFC- 11 Hydro- 100 From -11 to +45 The cost of CFC is usually a small
and/ or carbons -0.76 to proportion of the total cost of the
CFC- 12 1.96 aerosol, e.g. if a deodorant can

contains 50g of propellant and costs
about $2, a 50% increase in the
propellant cost would give a price
increase of 10 cents (5%).

Solvents CFC- 113 Aqueous 100 16.84 241 The actual cost of the solvent is a
process small proportion of the overall

operating costs, so altematives were
MCF Aqueous 100 From -54 to +73 not investigated until recently. CFC

process -6.6 to alternatives may require changes in
8.9 labor, utility costs, waste treatment

costs, and space requirements, thus
contributing to increased costs.
Note, however, that costs tend to
swing between extremes depending
on the site, and can be negative.

Foam-blowing: CFC- II Reduced 30-50 4.24 97 Typically in foam-blowing, in
rigid poly- CFC addition to the CFC, high-value
urethane option chemicals are required as raw

materials. Note also that, for
Foam-blowing: CFC-I I HCFC-22 95 0.92 21 example, for polystyrene foam
polystyrene/ production, an average 10% of the
polyethylene weight is from CFC- 12; for rigid
Foam-blowing: CFC- II Methylene 100 2.2 50 insulated polyurethane foam, the
flexible chloride blowing agent content is typically
slabstock 13% w/w.
polyurethane Hydro-

carbons
Foam-blowing: CFC-12 100 0.81 - 19 to 40
Polystyrene 1.76

Refrigerators CFC-12 HFC-134a 100 - - An HFC-134a compressor is
typically $10 higher in cost than the
CFC- 12 compressor. Incremental
costs of about $40, including HFC-
134a requirements over the life of the
refrigerator, are estimated for I unit.

Mobile air CFC-12 HFC-134a 100 - - The cost of a mobile air conditioner
conditioners is a small proportion of the cost of a

new car.

Fire Halons none for - - 90% of current halon applications
extinguishers critical can be substituted for by conven -

applications tional fire-extinguishing methods.
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CFC solvents. But the Montreal Protocol changed this, prompting a significant move
toward substitution, with many firms developing alternatives and choosing to substitute
earlier rather than later. In part the shift has come because some of the substitutes are
simply lower in cost than the previous ozone-depleting solvent, or because their use
results in a better quality of product. The shift may also derive from the fact that there is a
specific time ban for CFCs, and firms are unsure how availability and prices will vary
nearer the time of the ban. A factor of critical importance in this area is good information
dissemination, as CFC solvents are used in many different types and sizes of industry.

Foam Blowing

CFCs are used for the blowing of a number of different types of foams. Because
the properties of the foam are affected by the blowing agent, several alternatives are
available for different types of foams. Of particular interest is rigid insulating
polyurethane foam, used in refrigerators and freezers and for building insulation. Many
manufacturers are following a step-wise process to eliminate CFCs from the production
of this foam, first by reducing the quantity of CFCs used to blow the foam to about 30 to
50 percent of the original value ("reduced-CFC foam"), then by moving to HCFCs, and
finally by switching to HFCs. This step-wise process is motivated by the ease of the
switch to the reduced-CFC foam for both technical and cost reasons, as manufacturers
wait for the HCFC and HFC options to become better established and more cost-
effective. Other alternatives, such as using cyclopentane as a blowing agent and the
totally different concept of vacuum-panel insulation, are also emerging.7

Refrigerators and Air Conditioners

The preferred substitute coolant in new domestic refrigerators and mobile air
conditioners appears increasingly to be HFC- 134a. HCFC-22 is also used in commercial
refrigerators and chillers, and various blends of HCFCs and HFCs are available for use as
coolants. Hydrocarbons are also being examined for use in compressors of domestic
refrigerators as a non-HFC option, provided safety issues can be addressed adequately.
Retrofits are important in this sector because of the long lifetimes of the equipment.
Retrofits are currently better evaluated for commercial refrigeration than for the domestic
sector. The costs of retrofits also have raised concerns, with ranges of $300 to $400 now
quoted by the mobile air-conditioning sector. Conservation of existing supplies of CFC
is also important so that CFCs can be maintained for servicing needs prior to retrofitting.

Fire-Extinguishing

There are no "drop-in" replacements for halons; rather the reduction of halon use
is characterized by the reduction of unnecessary applications. This requires a change in
regulations, as many uses of halons are required legally for adequate fire protection, even

7. Dr. G.M.F. Jeffs notes that "the step-process is losing out in some sectors, e.g.
refrigerator/freezer insulation, by direct substitution with cyclopentane, a zero ODP alternative" (personal
communication, May 1994).
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though conventional fire fighting equipment can satisfy this need. Critical applications
are estimated as about 10 percent of current applications, and for these, careful
management of supplies, recycling, and the setting up of halon banks are necessary.

This leads to the issue (not tackled here) of what it actually takes to effect change.
Cost-effective applications are not always implemented in developing countries or are
delayed because of lack of information, not enough incentive to change, or both. Lack of
access to capital can be another barrier. In many cases, because CFC costs are a small
proportion of total costs, manufacturers are reluctant to change until the last moment. Or,
they may have problems in raising capital for the alternatives (particularly foreign
capital). A policy framework, therefore, is also needed to effect change and to sustain the
investment program. Incentives may be required, such as increasing taxes more sharply
to accentuate the difference between CFCs and the alternative.

Box 1.1 Phaseout of CFCs and Related Substances
The Montreal Protocol (including its London and Copenhagen amendments) calls for the phaseout of
ozone-depleting substances by each Party according to the timetable given below. The London
amendments came into force in 1990; the Copenhagen amendments, proposed in 1992, are not yet in
force. Each of these have brought forward the phaseout schedule. Developing countries can delay
compliance by 10 years except where noted. Furthermnore, an extra 10 percent of the base year amount is
allowed on each production cap to meet the basic needs of developing countries, except where noted.
The use of partially hydrogenated chlorofluorocarbons (HCFCs) after January 1, 1996, is limited to
applications without suitable alternatives or those currently met by controlled substances, with selections.
being made to minimize ozone depletion.

Substances Controlled by the Montreal Protocol

Primary CFCs Phaseout Schedule for Primary CFCs
(ODP relative to CFC- 11) (100% = 1986 levels of primary CFCs)
CFC-1 (1 0), CFC-12 (1.0), * consumption capped at 100% on July 1, 1989
CFC- 113 (0.8), CFC-1 14 (1.0), * production capped at 100% on July l,1990 (The 10% may include transferred
and CFC- 1 15 (0.6). amounts between parties)

* consumption and production capped at 25% on January 1, 1994
* consumption and production capped at zero on January 1, 1996 (except for

essential uses; cap is 15%, rather than 10%, for developing countries in this
latter case)

Halons Phaseout Schedule for Halons
(ODP relative to CFC-I 1) (100% = 1989 levels of halons)
Halon-1211 (3.0), .Halon-1301 * consumption and production capped at 100% on January 1, 1992
(10.0), and Halon-2402 (6.0). * consumption and production capped at zero on January 1, 1994 (except for

essential uses; cap is 15%, rather than 10%, for developing countries in this
latter case)

Secondary CFCs Phaseout Schedule for Secondary CFCs
(ODP relative to CFC-I 1) (100% = 1989 levels of secondary CFCs)
CFC-13 (1.0), CFC- 1 1 (1.0), * consumption and production capped at 80% on January 1,1993
CFC-1 12 (1.0), CFC-211 (1.0), * consumption and production capped at 25% on January 1, 1994
CFC-212 (1.0), CFC-213 (1.0), * consumption and production capped at zero onJanuary 1, 1996 (except for
CFC-214(I.0),. CFC-215 (1.0), essentialuses; cap is 15%, rather than 10%, for developing countriesin this
CPC-216 (1.0), CFC-217 (1 .0). latter case)

Box 1.1 continues on next page
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Box 1.1 continued

Carbon Tetrachloride Phaseout Schedule for Carbon Tetrachloride
(ODP relative to CFC-I 1) (100% = 1989 levels of CC14)
CC14, Carbon tetrachloride * consumption and production capped at 100% on January 1, 1993

(1.1) * consumption and production capped at 15% on January 1, 1995
- consumption and production capped at zero on January 1, 1996 (except for

essential uses; cap is 15%, rather than 10%, for developing countries in this
latter case)

Methyl Chloroform Phaseout Schedule for Methyl Chloroform
(ODP relative to CFC-I 1) (100% = 1989 levels of MCF)
MCF, Methyl Chloroform (0. 1) * consumption and production capped at 100% on January 1, 1993.

* consumption and production capped at 50% on January 1, 1994
* consumption and production capped at zero on January 1, 1996 (except for

essential uses; cap is 15%, rather than 10%, for developing countries in this
latter case)

Phaseout Schedule for HCFCs
HCFCs (100% = 1989 consumption levels of HCFCs + 3.1% of 1989 consumption levels

(ODP relative to CFC-I 1) of primary CFCs)
280 HCFCs including HCFC- * consumption capped at 100% on January 1, 1996
21 (0.04), HCFC-22 (0.055), * consumption capped at 65% on January 1, 2004
HCFC-123 (0.02), HCFC-124 * consumption capped at 35% on January 1, 2010
(0.022), HCFC-141b (0.11), * consumption capped at 10% on January 1, 2015
HCFC-142b (0.065), HCFC- * consumption capped at 0.5% on January 1, 2020
225ca (0.025), and HCFC- * consumption capped at zero on January 1, 2030

22I cb (0.033), (Caps apply to developing countries after a review in 1995)

HBFCs Phase-Out Schedule for HBFCs
(ODP relative to CFC-I 1)
HBFC-22BI (0.74) and 272 * consumption capped at zero on January 1. 1996 (except for essential uses; caps
others including CHFBr2 (1.0), apply to developing countries after a review in 1995)
CH2 FBr (0.73), and C2 HFBr4
(0.3-0.8).
Methyl Bromide Phaseout Schedule for Methyl Bromide
(ODP relative to CFC-I I ) (100% = 1991 levels of CH3 Br)
CH3 Br, Methyl Bromide (0.7) * consumption and production capped at 100% on January 1, 1995

(Caps apply to developing countries after a review in 1995)





2

Aerosols
Both CFCs and methyl chloroform are used in aerosols as carriers of the active

ingredient-that is, as the vehicle in which the active ingredient is dissolved. CFCs also
are used as propellants that expel the product from the aerosol container. As Figure 1.1
in the overview chapter shows, in 1986 they accounted for about 25 percent of total
global consumption of ozone-depleting substances.

Alternatives in the aerosol sector are already well-developed, and their phase-in to
replace CFCs is proving fairly straightforward for most applications. The effective
response is partly attributable to the aerosol bans and restrictions imposed by several
countries in the late 1970s in response to scientific concerns expressed in the early 1970s
of the effect of CFCs on the ozone layer (Molina and Rowland 1974). In the United
States, for example, a ban was imposed on the use of CFCs in aerosols for all but
"essential applications" in 1978. This resulted in a 95 percent reduction in the use of
CFCs for aerosols, which in turn decreased the total U.S. consumption at that time by
nearly 50 percent (U.S. EPA 1993b). Similarly, CFC use in aerosols was banned in
Belgium, Canada, Norway, and Sweden; the EC nations adopted measures to reduce CFC
use in aerosols by 30 percent from 1976 levels, agreed not to increase their CFC
production capacity, and adopted engineering codes of practice to discourage unnecessary
CFC emissions for other applications; the Netherlands required a warning label on CFC-
propelled products; Australia reduced CFC use in aerosols by 66 percent; and Japan also
reduced CFC aerosol use and discouraged increases in production capacity of CFC- 11
and CFC-12 (Chafee and Shimberg 1990).

Status with Regard to Alternatives

Alternative chemicals and technologies currently available to replace CFCs and
methyl chloroform in aerosol products include the following (Ecuador 1992; U.S. EPA
1993b; and U.S. EPA 1993c):

* Hydrocarbons (e.g., propane, butane, and pentane)

* Other high-priced or special-use flammable gases such as dimethyl ether and
HFC-152a

13
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* Nonflammable compressed gases (e.g., carbon dioxide, nitrogen, nitrous oxide,
HFC-134a, HCFC-22, and HCFC-142b)

* Solvent substitutes, such as dimethyl ether/water mixtures and dichloromethane

* Non-aerosol spray dispensers (e.g., finger pumps, trigger pumps, and mechanical
pressure dispensers)

* Nonspray dispensers (e.g. solid sticks, roll-ons, brushes, pads, shakers, and
powders).

A number of factors affect which alternative is chosen. These include the cost
and availability of alternative formulation, including regulatory considerations; the
requirement to produce sprays with a desirable particle size; flammability; the need to
effect minimum changes in anticipated-use patterns; pressure limitations; maintenance of
product utility or efficacy for intended uses; toxicological factors; and spray rate and use -
up rate optimization (Ecuador 1992). Some of these alternatives may not be available in
individual countries because of internal regulation; for example, the U.S. EPA issued a
rule in 1993 requiring that HCFCs also be banned effective January 1, 1994, except for
certain essential applications, or where the only alternative at present is a CFC (U.S. EPA
1993a and 1993b).

Costs of CFC-Free Aerosols

Costs vary and are very much site- and situation-dependent. Some examples of
the sort of factors that affect cost are detailed below.

Cost of Alternative

This is usually well-defined and is dependent on factors such as availability. The
incremental cost will vary depending on the alternative chosen and the extent of other
changes that need to be carried out if it is used. Some alternatives are much cheaper,
such as hydrocarbons, because of operating savings that arise from the lower cost of
hydrocarbons compared with CFCs, which offset the capital costs. Much information can
be found in the literature on the negative incremental cost of switching to hydrocarbon
alternatives (World Bank [MP] 1992e; Hoffman 1990; UNEP 1991).

Effect of Alternative on Rest of Product

Examples of the type of changes that may be required on switching to the
alternative include the need for thicker-walled aluminum containers if compressed-gas
propellants such as carbon dioxide are used. A redesign of the valve may also be
required to maintain a particular spray pattern. The product may also have to be
reformulated to keep the weight constant, if a different weight of propellant is used.
Safety issues may also prevent certain practices, such as the use of "used cans" for certain
aerosols. For example, the project document of a World Bank-Montreal Protocol
investment project in India notes that the company, a filler of industrial aerosols, uses
about 40 percent "used cans" it purchases at 40 to 50 percent of the price of new
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containers. On switching to hydrocarbon-based propellants, this practice will have to be
abandoned for reasons of safety and will thus affect costs. The most extreme case is, of
course, the switch to a completely different type of delivery system, such as a nonspray
dispenser, that necessitates the purchase of new machinery, along with redesign and
purchase of related packaging matter, in addition to the expenses of product
reformulation and retraining of staff.

Present Plant Design and Layout

If flammable alternatives such as hydrocarbons are to be used, safety-related
equipment and instrumentation will need to be installed. Together with safety-related
training, this is one of the main costs of switching to hydrocarbon-based propellants.
Factors such as existing propellant-filling equipment and design and location of storage
tanks also need to be looked at, again from a safety viewpoint. More space may be
needed for open-air filling of hydrocarbons or because storage tanks need to be separated
from the main area. In many countries, the filling machines may be old or "home-made"
and therefore unsuitable for filling a flammable propellant. Further testing of the final
aerosol, such as leak testing, may also be needed. 8

Climate

Minimum and maximum temperatures, humidity, and wind flows will also be
impoi:ant if a switch to hydrocarbon propellants is being made. Open-air filling
platforms are of much lower cost than closed filling areas ("gas houses") because of the
latters' requirement for various safety features. Note, however, that climatic conditions
need to be right for the open-air option.

Extent of Special Training Required

Retraining of personnel in the new alternative usually will be required. The cost
of this may be high if the alternative is very different, such as a nonspray dispenser, or if
it raises greater safety issues, such as hydrocarbon-based propellants, which are more
flammable than CFCs.

Economies of Scale

Investment scale economies occur with greater production. Figure 2.1 illustrates
this for a number of World Bank-Montreal Protocol investment projects in India. Note,
however, that in these particular cases, the incremental cost is only the cost of investment,
as the operating cost/savings are taken to be zero.9 The insufficiency of the data, in this

8. This is rarely carried out for industrial and personal aerosols filled with CFCs in, for example,
some of the existing aerosol-filling facilities in India, as detailed in India World Bank-Montreal Protocol
investment projects.

9. Note, however, that zero operating costs are atypical and reflect conditions specific to India.
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case, does not allow any general statements to be made about the relationship of unit
abatement cost with number of cans filled.

Figure 2.1 Economies of Scale Obtained with Larger Plants: Data from Aerosol
Projects in India in the World Bank-Montreal Protocol Investment Program
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Note: The calculation assumes that all the containers filled involve a switch to HCs from CFCs. This is
probably generally true in these examples, since the containers already filled with HCs are likely to be
a very small proportion of the total number. The only example where it states otherwise has not been
plotted on the graph.

Annex 2 gives some details of unit abatement costs for aerosol projects funded in
part by the MFMP fund, where the CFC is being replaced by hydrocarbons. These have
been recalculated on a uniform basis using the method described in Annex 1. Figure 2.2
shows the same data in graphical form. The unit abatement cost varies from $-0.76 to
$1.96 per kilogram of ODP saved. 10

10. Note once again that this sample is biased, as projects that are inherently economical (i.e.,
have zero or negative incremental costs) are not eligible for MFMP funding.
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A number of projects, particularly the sample in India, illustrate that there can be a
cost for some enterprises in switching to hydrocarbons as CFC substitutes in aerosols.
This happens in the case of contract fillers of aerosols. II These enterprises are usually
paid the cost of the propellant used, plus a set amount for carrying out the filling (10 to 15
cents per can is one figure quoted in a World Bank-Montreal Protocol investment project
in India; 10 to 12 cents per can is another). This means that they have to incur the
investment costs of new filling equipment, as well as the increased maintenance costs for
hydrocarbon aerosol propellants. They do not capture any of the savings from the lower
cost of the propellant, as would an enterprise filling its own aerosol brand.

Figure 2. 2 Incremental Cost of Saving a Kilogram of ODP per Year by Converting
Aerosols to CFC-Free Products
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The other instance in which enterprises would not save from switching to
hydrocarbons is when parallel markets exist, and the market perceives hydrocarbon-filled
aerosols as inferior to the CFC-filled aerosol and therefore will not pay as high a price for
hydrocarbon-filled products. This may happen, for example, because of the greater

11. This can be found in some of the World Bank-Montreal Protocol investment projects in India.
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flammnability of the hydrocarbon product. 12 In such a case, the savings to the enterprise
from the use of lower-cost hydrocarbons would be offset by the lower selling price of the
product.

12. Examples of this can be found in some of the World Bank-Montreal Protocol investment
projects in India.
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Solvents
Ozone-depleting substances are used in a variety of applications as solvents,

accounting for about 12 percent of global consumption of ozone-depleting substances in
1986 (see Figure 1.1 in the overview). They are used for cleaning, particularly for
precision cleaning or cleaning of flux from printed circuit board assemblies, or as a
carrier of another substance (e.g., as a carrier of silicone for the siliconization of
syringes). The use of CFCs as solvents also span a wide scale and range of industries,
including electronics, medical products, defense, aerospace, and metal cleaning. Because
of the importance and diversity of its application as a solvent, this is one use of CFCs for
which many thought it would be difficult to find substitutes. Indeed, the report of the
UNEP Montreal Protocol Economic Options Panel (1991) notes that at the time the
Montreal Protocol was being negotiated, there was some sentiment for excluding CFC-
113 from the controls because of its importance in electronics manufacture. Furthermore,
the presence of a multitude of firms of varying types and sizes used CFCs as solvents and
the many solvents sold by trade names that did not specify the presence of CFCs and
other ozone-depleting substances appeared initially to be major obstacles to successful
substitution of CFCs.

Nonetheless, substitutes have been found for CFCs and other ozone-depleting
solvents in many applications. Indeed, progress has been surprisingly fast, with some
substitutes even proving to be lower in cost than the ozone-depleting original. The low
cost of CFCs and their relatively small proportion of overall cost meant that this area was
just not considered or targeted in the past for increasing efficiency or reducing costs. The
Montreal Protocol led people to focus on this area. Simple recycling and careful use has
reduced consumption for many firms. FitzGerald and others (1990) note that with regard
to CFC-1 13, used for printed circuit boards and wiring assembly manufacture, reductions
of 40 to 50 percent are possible with simple and inexpensive conservation techniques.'3

Slightly more sophisticated measures, such as solvent vapor carbon adsorption, could

13. Thome and others (1991) write that "education programs can lead to procedure changes,
which in turn can reduce emissions by 20 to 30 percent."

19
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give reductions of 80 to 85 percent at relatively low cost, with substitutes needed for 100
percent elimination (FitzGerald and others 1990).

A significant move toward substitution has been apparent, with many firms
developing alternatives and choosing to substitute earlier rather than later. In part, this is
because some of the substitutes are simply lower in cost than the previous ozone-
depleting solvent or because their use results in a better-quality product. Or it may be
because there is a specific time ban for CFCs, and firms are unsure how availability and
prices will vary nearer the time of the ban. The fact that in many cases, once identified,
the alternative is fairly simple and straightforward to adopt has also helped early
substitution.

Many of these substitutes have been developed by large companies. However,
they are now being used in many countries by a range of firms; indeed, the U.S.
electronics industry is reported to be virtually CFC free (Zurer 1993). This successful
experience in information dissemination is due in large part to groups such as the
Industry Cooperative on Ozone Layer Protection (ICOLP). ICOLP is a consortium of
electronics and aerospace companies working in partnership with governments to phase
out solvents that deplete the ozone layer. Members of ICOLP include such
multinationals as AT&T; British Aerospace; Compaq Computer Co.; Digital Equipment
Corp.; Ford Motor Company; Hitachi, Honeywell Inc.; IBM Corp.; Matsushita Electric
Corp.; Mitsubishi, Motorola, Inc.; Northern Telecom, Inc.; Texas Instruments, Inc.; and
Toshiba Co. Affiliate members include the U.S. EPA, the Swedish EPA, JEMA (Japan),
ITRI (Taiwan), CANACINTRA (Mexico), the Turkish Ministry of Environment, and the
Korea Specialty Chemical Industry Association. Under this partnership, firms share
nonproprietary information on alternative technologies, processes, and substances for
CFCs and other ozone-depleting chemicals worldwide. Northern Telecom, a member of
ICOLP, became the first multinational to halt the use of CFC solvents completely in its
operations in December 1991. This dissemination of information has not only made
other companies aware of potential alternatives but has also made the transition to
alternatives easier because of the sharing of technical knowledge and experiences.14

Substitute Solvents

Substitutes for ozone-depleting solvents are many and varied for the different
applications. Potential substitutes for CFCs and other ozone-depleting solvents used in
the electronics industry for the cleaning of printed circuit board assemblies include the
following (FitzGerald and others 1990; Greene and others 1991; Altpeter and others
1993; Boyhan 1992):

14. The reader's attention is drawn to the set of technical manuals written by ICOLP in
conjunction with the U.S. EPA on solvent substitutes, as well as recycling and conservation procedures, for
CFC-1 13 and methyl chloroform in the electronics and aerospace industries (FitzGerald and others 1990;
Baxter and others 1991; Greene and others 1991; Altpeter and others 1993; Thome and others 1991;
Groshart and others 1991; and Ahmadzai and others 1993).
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Aqueous solvents. Use of water-soluble fluxes may allow plain water to remove
residues from specific products. Detergents and monoethanol amine provide
additional cleaning effectiveness, but wastewater treatment could be required.
The product must be capable of full immersion in water.

* Semi-aqueous solvents. Terpenes, surfactants, and water in some cases create
cleaning agents that are actually superior to the CFCs being replaced. The
product again needs to be water-immersible, as rinsing is required. Energy
requirements are much higher, the materials present a fire hazard, they have a
strong odor, and they are volatile organic compounds (VOCs). AT&T found that
despite this, they were cheaper to operate and performed as well as CFCs
(Boyhan 1992).

* "No-clean" and controlled atmosphere soldering. In the former, a low-solids
flux is applied in the amount required, just where it is needed, to printed circuit
board assemblies. Thus, the flux-removal operation after soldering can be
eliminated. In the latter, soldering is carried out under a nitrogen atmosphere or
in a vacuum. In this process, soldering takes place with metallically pure solder,
and oxide formation is reduced on the printed circuit boards because of the
nonoxygen atmosphere. Residues are significantly reduced, and post-cleaning
may not be needed for many applications.

* Other organic solvents. Possible replacements for CFC-1 13 include certain
alcohols, esters, and HCFCs. These have merit for certain applications, though
flammability may be a concern for some solvents, and long-term toxicity testing is
still being conducted for some HCFCs.

* ~Conductive epoxies. If these are used to fasten components to circuit boards, the
entire soldering operation can be eliminated (and therefore the need to remove
flux). This technology also reduces costs and improves yield and reliability.

Precision cleaning is the cleaning of components to an extremely high standard of
cleanliness. It is needed in a wide range of industries for a variety of applications. Some
examples include the cleaning of microswitches and recording heads and components for
disk drives in the electronics industry; cleaning of hypodermic needles, heart pacemakers,
and kidney dialysis capillaries in the medical industry; decontamination of nuclear
systems and cleaning of hydraulic systems for aircraft and missiles in the defense
industry; and aircraft maintenance cleaning in the aerospace industry (Baxter and others
1991 and Ahmadzai and others 1993). Alternatives for ozone-depleting solvents are
therefore varied, and choice of substitutes depends on factors such as what type of
contamination is being removed and the cleaning ability of the alternative, its
compatibility with other materials, its effect on subsequent processes, its ease of
operation, and its cost. Some types of possible substitutes include aqueous-based
systems; semi-aqueous systems; pressurized gases; supercritical fluids; plasma cleaning;
ultraviolet light/ozone cleaning; and various organic solvents such as HCFCs, alcohol
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with perfluorocarbon, N-methyl-2-pyrrolidone, perfluoroalkanes, aliphatic hydrocarbons,
and various ketones and esters (see Baxter and others 1991 for more details).

Cleaning of metal is an essential process in order to prepare the surface for
subsequent operations such as electroplating or painting. Cleaning is common practice
for metal furniture and fixtures, fabricated metal products, machinery, and transportation
equipment and in the primary metal industries. Once again, a number of substitutes are
possible, and it is important to identify what is being removed in the cleaning process
before choosing a cleaning agent or process. Alternatives for CFC- 113 and methyl
chloroform in metal cleaning include either another cleaning process, such as an aqueous-
based or a semi-aqueous process; or an alternative solvent, such as HCFCs, aliphatic
hydrocarbons, N-methyl-2-pyrrolidine, and methanol (Groshart and others 1991).

The Costs of Solvent Substitution

There is scant detailed information available on costs. However, the information
that is available indicates that costs vary greatly, with each example ranging from less
than that of using CFCs and methyl chloroform to higher values. 15 Some of the factors
that determine economic feasibility are as follows:

i Choice of cleaning process and equipment

- The waste stream caused by the substitution and any resultant treatment required

* Plant-size considerations (an increase in floor space may be needed)

i Process time

* Process material consumption

i Labor (change in amount or skill level)

* JUtility cost (e.g., electricity, water, or waste disposal cost).

Comments on costs of alternatives by members of industry include the following:
Pruett and others (1993) note that on substituting for CFCs with aqueous cleaning and
high-temperature drying at IBM's San Jose site (one of the world's largest users of CFCs
in 1987), many of the projects have been highly cost-effective. As noted earlier, Boyhan
(1992) reports that AT&T found that a semi-aqueous process for cleaning in electronics
manufacture was cheaper to operate than the CFC processes being replaced; indeed,
David Chittick of AT&T commented in a recent interview that the company "found that
some of the substitutes are cheaper than CFCs" (Chittick 1993). A payback period of less
than 1.5 years is expected, according to one case study at Honeywell, if an aqueous
cleaning process is substituted for CFC- 113 vapor degreasing to clean components of
solenoid valves (Groshart and others 1991). In this latter case, the cost of aqueous

15. It is perhaps worth noting that the ease with which many industries have switched over to non-
ozone-depleting solvents implies that these costs, in most cases, are not excessively high.
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cleaning equipment is less than that of the vapor degreasers being replaced, and the cost
of the cleaner is less than that of CFC-1 13. However, additional cost items include waste
removal and utility costs. In the case of the use of supercritical fluids for precision
cleaning, significant additional capital costs have to be incurred because of the need to
operate at high pressures. On the other hand, advantages of this system include lower
operating costs (e.g., utility costs) compared with CFCs (Baxter and others 1991).

Altpeter and others (1993) write that the benefits of no-clean soldering include the
elimination of the cleaning process and potentially substantial savings in flux and solder
usage. In some cases of no-clean soldering in air, no-clean fluxes can be substituted
directly for traditional fluxes with no process changes. However, if the equipment is
retrofitted for a spray fluxer, the cost of the spray fluxer as a stand-alone unit ranges from
$4,500 to $20,000. In this case, additional benefits such as the use of a smaller quantity
of flux or the elimination of flux thinners may also occur.16 For no-clean soldering in a
controlled atmosphere, retrofitting is significantly less costly than purchasing new
equipment. Table 3.1 shows examples of the type of investment costs for switching to
controlled atmosphere no-clean soldering. Altpeter and others (1993) note that several
manufacturers have found that flux and thinner savings in the range of 50 to 70 percent
are possible with the addition of a spray fluxer and soldering in a controlled atmosphere.
In addition, a 50 percent reduction in the amount of solder used is also feasible.

Table 3.1 Some Costs for Substitution to
Controlled Atmosphere No-Clean Soldering

Type of equipment Indicative costs

Retrofit
Controlled Atmosphere Nitrogen Hood

• Hood $10,000-$30,000

* Piping $30 per foot

* Nitrogen (1,500-2,000 cubic feet per hour required; but newer $0.12-0.50 per 100 cubic feet
packages can be as low as 300-600 cfh)

Spray fluxer $4,500-$20,000

New
Open tunnel wave soldering machine $80,000-$300,000
Sealed-tunnel wave soldering machine $300,000

Source: Altpeter and others 1993.

Annex 3 gives some details of unit abatement costs for solvent substitution
projects funded partly by the MFMP fund in developing countries. These have been
recalculated on a uniform basis using the method described in Annex 1. Figure 3.1 shows

16. Altpeter and others (1993) write that "one manufacturer, for instance, has seen a flux savings
of 68 percent by switching to a spray fluxer."
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the same data in graphic form. The unit abatement cost varies from $-6.60 to $18.14 per
kilogram of ODP saved. 17

Figure 3.1 Incremental Cost of Saving a Kilogram of
ODP per Year by Substituting for Ozone-Depleting Solvents
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17. Note once again that this sample is biased, as projects that are inherently economical (i.e.,
have zero or negative incremental costs) are not eligible for MFMP funding. Furthermore, since the solvent
and its application varies in each of the examples, it is not wise to compare these figures with each other.
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Foam Blowing
In the cases of aerosols and solvents, discussed in chapters 2 and 3, respectively,

ozone-depleting substances are released to the atmosphere over a relatively short period;
with the former, ozone-depleting substances are released at the time of manufacture and
over the relatively short life of the aerosol. In the latter, evaporation and other losses
release the ozone-depleting substance to the atmosphere during use. In the case of foams,
however, CFCs are released to the atmosphere over an extended period: at the time of
manufacture and cutting of the foam, over the life of the foam, and finally at disposal. 18

CFCs are used in the blowing of many different kinds of foams for many different
products. Types of foam include flexible polyurethane foam for cushions, bedding, and
carpet underlay; rigid insulating polyurethane foam for refrigerator and freezer insulation
and building insulation; rigid polyurethane, polypropylene, and polyethylene foams for
packaging; and rigid polystyrene sheet foam for egg cartons, food trays, and carry-out
containers (for a more complete list, see UNEP 1989).

In 1986, the foam industry used about 270,000 metric tons of CFCs worldwide, or
about 25 to 30 percent of total annual global consumption (UNEP 1989). In 1990, this
figure had decreased by roughly 35 percent according to UNEP's Flexible and Rigid
Foams Technical Options Report for 1991 (U.S. EPA 1993b). A few of the available and
near-commercial options are described below for some different types of foams, followed
by a discussion on costs. This list is not comprehensive and concentrates on rigid
insulating polyurethane foam for refrigerators and freezers, as well as on polystyrene
sheet and flexible polyurethane foam.

18. Jeffs comments that "in many applications, for example refrigerators and sandwich panels,
when the foam is protected by a gas impermeable barrier, little or no CFCs escape to the atmosphere during
the life of the article. Also most polyurethane rigid foams are used in durable articles with useful lives
extending upwards of 15 years" (Personal communication, May 1994).

25
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Alternative Technologies for Foams

Before considering the options available for control and substitution of CFCs in
foam blowing, it is interesting to consider why they are used so extensively in the foam
industry. CFCs have low boiling points, low toxicity, low thermal conductivity, and are
nonflammable and nonreactive. CFCs are used as auxiliary blowing agents in flexible
foams to reduce foam density and to increase softness; in insulating foams, they are
retained in the cell structure, where their low thermal conductivity gives the foam
excellent insulating characteristics; and in flexible and rigid slabstock foam, CFCs cool
the exothermic reaction that occurs during production, thus protecting foam products
from scorching.

Rapid developments are taking place in the area of CFC- 1 replacement in
insulating polyurethane foams for the domestic refrigerator and freezer sector (World
Bank [OORG] 1993a).19 The reduced-CFC option essentially reduces the amount of
CFC used in production by increasing the amount of water in the formulation, thus
resulting in increased generation of carbon dioxide through the water-isocyanate reaction.
Thus, CFC use in the formulation can be reduced by about 30 to 50 percent. This option
is commercially the worldwide norm at this time; it was introduced in Western Europe in
1988 and is currently being phased into developing countries. W'orld Bank-Montreal
Protocol projects of this type can be found in Ecuador, India, the Philippines, and Jordan.
Its advantages include the ease of implementation, no resultant significant changes in
foam properties, and compatibility with other technologies.20 Thus, investment in this
option is unlikely to become obsolete when the industry switches over to CFC substitutes,
such as HCFCs and HFCs.

The next option is shifting to HCFCs. Several types are used for foam blowing:
HCFC-22, HCFC-141b, and a mixture of HCFC-22 and HCFC-142b. Note that the
mixture of HCFC-22 and -142b was developed to slow the premature aging of foam
caused by rapid diffusion of the blowing agent out of the foam that occurs when HCFC -
22 is used alone. The mixture also negates the flammability of HCFC-142b. An option
that showed promise but has now been abandoned because of toxicity problems was
HCFC-123. In the United States, Zurer (1993) reports that polyurethane foam insulation
in refrigerator walls will soon be blown with HCFC-141b instead of CFC-1 1. However,
this may have to be replaced within a decade if the U.S. EPA proposal for banning its
production and consumption by 2003 comes into force (HCFC-141b has a relatively high
ODP of 0.12). Emerging HFCs are -356 and -365a. Commercial availability of these,
however, is still a few years away.

19. The following section on polyurethane rigid foam technologies for insulating refrigerators and
freezers draws heavily on the paper by Dr. GM.F. Jeffs in World Bank ([OORG] 1993a).

20. This assumes that high-pressure machines are used only, as low-pressure machines are not
compatible.
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A non-CFC option in use in a couple of German factories since August 1993, and
expected to become more widespread, is cyclopentane. The technology is still on the
learning curve; cyclopentane is a VOC, and extensive factory modifications are required
to ensure safety because of its high flammability. Nevertheless, cyclopentane technology
has been endorsed by the World Bank Ozone Operations Resource Group as the most
promising zero-ODP technology presently available to the developing world provided an
experienced partner in the developed world is present to assist in and ensure the safe and
effective transfer of technology. A totally different concept under investigation is
vacuum panel insulation. Vacuum panels incorporate a solid filler material that is sealed
under vacuum in a gas-tight envelope. Fillers under development include amorphous
silica aerogel (BASF in Ludwigshafen, Germany) and open-celled rigid polyurethane,
blown with carbon dioxide (ICI Polyurethanes in Belgium; Zurer 1993). Vacuum
insulation panels are entering production in Germany and Japan.

Substitutes for other types of foams include isopentane for rigid polyurethane
foam for use in building insulation; methylene chloride for flexible slabstock
polyurethane foam; water for flexible molded polyurethane foam, where no auxiliary
blowing agent is used with water, the primary blowing agent; carbon dioxide,
hydrocarbons or HCFC-22 for polystyrene foam; and HCFC-22 or hydrocarbons for
polyethylene foam (World Bank 1993b, U.S. EPA 1993c, and Ecuador 1992). For
options such as hydrocarbons, safety issues due to the flammable nature of the substitute
need to be addressed. Other issues that need to be considered include safety in the case of
methylene chloride and the proprietary nature of other substitutes, such as carbon dioxide
for polystyrene foam blowing.

Another point worth noting is that the use of a CFC alternative may require some
changes in the foam manufacturing procedure (e.g., a need for increased safety measures
if the substitute is highly flammable). Or, use of a CFC substitute may change the
properties of the foam product, for example by reducing its insulating capabilities (see the
section below on costs) or reducing its softness. However, a technological push from
different parts of the industry-foam producers, chemical suppliers, and machinery
manufacturers-is providing some solutions. For example, use of chemical additives or
of a second, "specia!" polyol in the manufacturing process can achieve the necessary
softening of fully water blown flexible polyurethane foams, as reported in a recent Shell
paper (Appleyard, Bleijenberg, and Thijs 1994).

Costs of CFC-Alternatives to Foam Blowing

The cost data given below are from two main sources: World Bank-Montreal
Protocol investment projects and the Ozone Operations Resource Group (OORG) at the
World Bank. Some unit abatement costs (UACs) are shown in Table 4.1.
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Table 4.1 Unit Abatement Costs for Some Refrigerator and Freezer
Insulating Foam Options

Insulating foam option

Reduced HCFC-22/ Cyclo -
CFC HCFC-22 HCFC-142b HCFC-141b HFC-134a pentane

UACa 3.36b
($/kg/yr) 0.87 2.59 2.53 2.23c 6.42 2.62

Source: Jeffs' paper in World Bank (OORG) I 993a.

Note: Assumptions include annual production of 200,000 units containing average polyurethane
chemicals of 4 kg/unit, a current CFC- 1 content of 13 percent w/w on the total foam system, and
two production lines, one for cabinets and one for doors, both equipped with high-pressure
dispensing machines. UACs have been calculated assuming an equipment life of 10 years, and
capital costs are annualized using a 10 percent discount rate.

a UAC = unit abatement cost.

b 10 percent weight-by-weight (w/w) on foam.

c 5 percent weight-by-weight (w/w) on foam.

Jeffs (World Bank [OORG] 1993a) also notes that with several alternatives,
greater materials usage is required to obtain adequate strength and dimensional stability.
Another point of note is that the thermal conductivities are higher for the alternative
technologies to CFC- I1. This is reflected, if all other parameters are kept equal, in the
increased energy consumption of the unit.2 1 This increase in thermal conductivity could
be compensated for by altering the wall thickness; however, this tends to be a costly step
and is avoided whenever possible (it is not included in the calculation of the UAC values
above). Of the alternatives shown in Table 4.1, HCFC-141b has the least adverse effect
on energy consumption based on thermal conductivity (World Bank [OORG] 1993a).
Conversion to a CFC substitute will involve differing changes in a factory's production
equipment, depending on the substitute. Additional safety training is also necessary with
the more flammable alternatives.

Table 4.2 gives some details of unit abatement costs for foam-blowing projects
funded partly by the MFMP in developing countries. These have been recalculated on a
uniform basis using the method described in Annex 1. The unit abatement costs vary
from $0.28 to $4.24 per kilogram of ODP saved. 22

21. Jeffs states that "a 'rule-of-thumb' is that a 10% increase in foam thermal conductivity gives a
7% increase in a unit's energy consumption" (World Bank [OORG] 1993a).

22. Note once again that this sample is biased, as projects that are inherently economical (i.e.,
have zero or negative incremental costs) are not eligible for MFMP funding.
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Table 4.2 Incremental Cost of Saving a Kilogram of ODP through
Alternative Foam-Blowing Technologies

(World Bank-Montreal Protocol Investment Projects)

Alternative
Country Foam type technology UAC ($/kg ODP)a

Ecuador Rigid polyurethane Reduced-CFC 4.24

Indonesia Polystyrene/ polyethylene * Carbon dioxide 0.28

a HCFC-22

Indonesia Polystyrene/ polyethylene HCFC-22 0.92

Indonesia * Flexible slabstock * Methylene 2.08
polyurethane chloride

* Flexible molded polyurethane * Water

Indonesia Flexible slabstock polyurethane Methylene chloride 2.20

Indonesia * Flexible molded polyurethane * Water 3.02

* Integral skin * HCFC-22

* Rigid polyurethane * HCFC-22

Thailand Rigid polyurethane HCFC-1416 1.03

Venezuela Polystyrene Hydrocarbons 0.81 (full production
capacity) -1.76
(current production
capacity).

a Note that the UAC should strictly be calculated separately on the basis of the type of foam
being produced for production facilities where two different products are being manufactured;
this has not been carried out in some of the examples because of the lack of availability of
sufficient information.
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Refrigeration and Air-Conditioning
CFCs are used as the fluid for the cooling mechanism in refrigerators and air

conditioners and can also be found in the insulating foam of refrigerators. The previous
chapter discussed use of CFCs in foam blowing; this chapter concentrates on the use of
CFCs as a refrigerant. As can be seen from Figure 1.1, refrigeration and air-conditioning
accounted for about 25 to 30 percent of CFC uses in 1986. This is only one part of the
story, however. Both these pieces of equipment have long lifetimes (in some appliances
as much as 25 years) and require servicing that involves regular recharging of the ozone-
depleting substance within the appliance. The long lifetime and servicing needs of
refrigeration and air-conditioning appliances means that the effort to eliminate the banned
substances will require retrofitting of the existing stock in addition to substituting for
them in new appliances. Furthermore, recycling also plays a crucial role in ensuring that
sufficient stock remains of the banned substances for servicing needs while retrofitting is
being carried out, particularly as the deadline approaches for the ban on production of
CFCs. Thus, the transfer to non-ozone-depleting substances in refrigeration and air-
conditioning is probably the most challenging of all the sectors in which these substances
are used.

Substitution and Retrofitting

Some of the alternatives for CFCs and possibilities for retrofitting in the
refrigeration and air-conditioning sectors are discussed below.

Domestic Refrigerators

Alternatives for CFC- 12 in the compressors of new domestic refrigerators include
HFC-134a, hydrocarbons, and HFC-152a and its blends, with both the latter two being
highly flammable substitutes (World Bank 1993b). This has led HFC-134a to become
the preferred choice in many countries worldwide. The litigation implications in the U.S.
have steered manufacturers away from flammable alternatives to HFC-134a as a
replacement for CFC-12 in the compressors of domestic refrigerators (Zurer 1993).
World Bank-Montreal Protocol technical assistance projects for a move to HFC- 134a can
be found in developing countries such as Brazil, Egypt, and Tunisia. UNEP reports that a

31
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manufacturer in Iran is expected to start production of refrigerators with HFC- 1 34a as
refrigerant in 1995 (UNEP IE/PAC, December 1993). However, several German
manufacturers are producing hydrocarbon-based refrigerators and freezers.

The increasing pressure for limiting HFCs because of their high global warming
potential makes hydrocarbons an attractive alternative, despite the flammability issues.
The first attempt at manufacturing hydrocarbon-based refrigerators was in 1992, when the
German manufacturer Foron (Scharfenstein), supported by Greenpeace, built a number of
prototype refrigerators with a propane-isobutane mixture as refrigerant and polystyrene
insulation.2 3 By the end of 1992, several other German manufacturers had also started to
plan conversion to hydrocarbons, and by the spring of 1993, the German manufacturers
Bosch-Siemens and Liebherr also had developed hydrocarbon-based refrigerators (World
Bank [OORG] 1993b). The World Bank Ozone Operations Resource Group [OORG] is
in general agreement that provided appropriate safety measures are taken and assurances
are given by experienced technology transfer sources, the hydrocarbon option is an
acceptable risk for developing countries at this time for small hermetic compressors up to
300 W capacity (World Bank [OORGI 1993b). Retrofits pose a more difficult problem
for domestic refrigeration. There is no really adequate procedure as yet; HFC-134a
retrofits have not been evaluated well, and hydrocarbons are not recommended so far
(World Bank 1993b). Possible refrigerants for retrofitting are being developed; one
example is the blend Du Pont is marketing as an alternative refrigerant, MP39Th, which
consists of HCFC-22, HCFC-124, and HFC-152a (UNEP IE/PAC, December 1993 and
World Bank [OORG] 1992b).

Commercial Refrigerators

In commercial refrigeration systems, CFC- 12 is used as a refrigerant for medium-
temperature systems only, HCFC-22 is used for evaporation temperatures down to -350C,
and CFC-502 is used for temperatures down to -45°C. CFC-502 is also used for medium
temperature systems if the same refrigerant is to be used for low- and medium-
temperature cooling (UNEP 1989). Alternative refrigerants available in new equipment
for CFC-12 include HFC-134a and HCFC-22 (World Bank 1993b). Alternatives for
CFC-502 systems include HCFC-22 and blends, such as Du Pont's HP-62Tm, a rmixture of
HFC-125, HFC-134a, and HFC-143a (World Bank 1993b and UNEP IE/PAC, December
1993). Ammonia systems are also possible, and some research and development is being
carried out on small-scale ammonia equipment, though there are toxicity concerns if
safety procedures are not adequate (Ecuador 1992 and World Bank 1993b). Retrofits of
open systems with HCFC-22 are possible, and in some cases with HFC-134a (an HFC-
134a compressor is required; World Bank 1993b).

23. World Bank (OORG) 1993b also notes that the energy consumption per unit of net volume
was approximately 50 percent higher for the Foron free-standing cooler (125 liter inner volume,
polystyrene XPS insulation) compared to an equal-size, reduced CFC, CFC-12 refrigerator, mainly because
of the insulation quality of the foamn.
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Chillers and Heat Pumps

Small room air conditioners, which cool air directly, are typically built today with
HCFC-22 (World Bank [OORG] 1992b). However, chillers-systems that provide
chilled air for air-conditioning-use one of a number of refrigerants. Some 80 percent of
centrifugal chillers are operated using CFC- I1. These are at the lower range of the 350 to
35,000 kW sizes available, with the mid-range using CFC-12 and the upper end using
HCFC-22 (World Bank [OORG] 1992b). Heat pumps for heating also use a number of
refrigerants, including CFC-l 1, CFC-12, and HCFC-22. Alternative coolants in new
chillers that are commercially available include HCFC-22, HCFC-123, and HFC-134a.
Research on HFC replacements for low-pressure chillers is being carried out for HFC-245
and HFC-356. Retrofits with these alternatives are a mature technology (World Bank
1993b; Zurer 1993). Further research also continues; Du Pont is currently testing a blend
of three HFCs as a replacement for HCFC-22 in residential heat pumps and air
conditioners (Zurer 1993).

Other alternatives being investigated include evaporative cooling (Zurer 1993).
This system uses no CFCs, HCFCs, or HFCs and operates on a completely different
principle from that of traditional systems, using the same basic principle by which the
human body cools itself. In evaporative cooling for air-conditioning, air passes through a
solid desiccant, where it is dried and heated. It is then cooled by passage through a heat
exchanger. Finally, it passes through an evaporative cooling unit (at the simplest level, a
water spray or wet porous pads), where it is cooled further and becomes more humid.
Evaporative coolers (without the desiccant wheel) are commercially available; low in
cost; and tend to be used in hot, desert-like climates. In the southwest United States, as
many as 4 million households use this system (Zurer 1993). The addition of the desiccant
wheel makes them usable in other climates, but it also increases the cost of the system.

Mobile Air Conditioners

The alternative of choice here is HFC-134a. The U.S. EPA estimates that HFCs
will be used in 90 percent of air conditioners in vehicles built in 1994 in the United States
(UNEP IE/PAC, December 1993). A number of vehicle manufacturers have fully
converted to HFC-134a air-conditioning systems as of 1993; these include Audi, BMW,
Porsche, and Volvo, and many others have started the conversion.2 4 Retrofits with
substitutes for CFC-12 are also present. ICI (Australia) carried out the world's first
mobile air-conditioning retrofit to HFC-134a/Emkarate RL® lubricant in August 1991
(UNEP IE/PAC, December 1993). The only other U.S.-approved retrofit alternative is
the Du Pont blend, MP-52. This is a mixture of HCFC-22, HFC-152a, and HCFC-124a
(World Bank 1993b). There are, however, a number of other refrigerant products being
sold as replacements. These are of great concern, not only because of the problem of
cross-contamination, which threatens recycling and recovery efforts, but also because
some of these substitutes pose serious safety concerns because of their flammability; in

24. A longer list can be found in UNEP IE/PAC, June 1993.
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the United States, refrigerants of this type that are now available include OZ- 12 ®, a blend
of cheap propane and butane (MACS 1993 in World Bank 1993b and Zurer 1993).

Costs of Alternatives and Retrofits

Quantitative cost data on new equipment and retrofits are not easily available.
Some estimates available in the literature are given below. It is worth noting that costs
are dependent on factors such as the availability of the refrigerant, scale economies, and
the availability of the particular type of compressor that is compatible with the
refrigerator.

Domestic Refrigerators

Typical recent estimates are incremental costs of about $30 to $40 per new
refrigerator unit with an HFC-134a compressor, and including the extra costs of the
refrigerant for lifetime servicing requirements. An earlier estimate from an Indian
manufacturer puts the cost of a new refrigerator using alternatives (compressor and foam)
at $100 per unit, on a domestic refrigerator that costs $300 to $400 on the Indian market
(Rosencranz and Milligan 1990). An estimate of unit abatement cost (quoted directly
from source) for the first phase of compressor and appliance manufacturing projects is
$25 to $60 per kilogram of ozone-depleting potential saved (Kuijpers in World Bank
1993b).

Commercial Refrigerators

The technology for new units and retrofits is mature for commercial refrigeration.
Not much data on costs could be found.

Chillers and Heat Pumps

Chillers can typically have lifetimes of 25 to 30 years (World Bank [OORG]
1992b). Therefore retrofitting takes on additional importance in this sector. Costs,
however, are high for retrofits; Zurer (1993) notes that building owners in the United
States have not been as eager to replace or retrofit existing centrifugal chillers because of
cost and uncertainty over the long term about some substitutes, such as HCFCs. In the
case of evaporative cooling, it is the desiccant wheel that is the expensive part of the
system at the moment; evaporative cooling itself is typically low in cost. However,
LaRoche Chemicals and ICC Technologies, developers of this new system, both believe
that costs will drop dramatically when large-scale production is started (Zurer 1993).

Mobile Air Conditioners

Not much information is available on the difference in cost of new mobile air
conditioners with HFC- 134a as refrigerant. It is worth noting, however, that the cost of a
mobile air conditioner is a very small part of the total cost of a new car, and therefore
costs are unlikely to have a major effect on the consumer.
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For retrofits, a World Bank OORG expert estimates the average cost of repair plus
retrofit with either HFC- 1 34a or Du Pont's MP-52 at more than $400 in the United States
(Oulouhojian in World Bank 1993b). Other estimates are less than $300 per car (Zurer
1993), based on Volvo's retrofit kit available to dealers: Its cost comprises a suggested
retail price of $45, plus about $21 for HFC-134a, and about $200 for labor. Zurer also
notes that in 1991, the auto industry estimated retrofitting costs at from $200 to $1,200
per car, depending on make, model, and year. Now, however, those estimates are
considered too high, as fewer modifications appear to be required in practice (e.g.,
replacement of hoses, originally thought necessary, now no longer appears to be so).25

25. However, a typical retrofit of a mobile air-conditioner will decrease its cooling capacity.





6

Halons

The Status of Alternatives

Halons26 typically make up a small proportion by weight of a country's total
consumption of ozone-depleting substances, but they constitute a significant proportion in
terms of ozone-depleting potential (ODP).27 The ODP for halon- 1211, which is used in
portable fire extinguishers, is 3.0 (relative to CFC-1 1). The ODP for halon-1301, usually
found in fixed fire protection systems, is 10.0. Halons are typically required legally for
fire protection for electrical equipment and for some other uses in a number of countries.
However, it appears that this is not technically necessary in every case and that many
requirements can be satisfied by switching to conventional fire protection methods; one
estimate of critical halon applications is 10 percent of total current uses. This does
require changing of standards and regulations and, naturally, a commitment to phase out
halons. Alternatives for halon-1211 in portable fire extinguishers include straight stream
water, water spray, foam, carbon dioxide, dry powder, and several chemicals.
Alternatives to halon-1301 in fixed fire protection systems include monitored detection,
water sprinkler systems, fine-water-mist systems, carbon dioxide systems, foam systems,
dry powder systems, inert gas systems, and other alternative gaseous chemical systems.
"Drop-in" replacements are therefore less critical, but they are still needed for complete
phaseout. For halon-1301 (CF3 Br), no approved "drop-in" replacement has as yet been
found. Two groups have suggested that trifluoroiodomethane, CF3 1, may be suitable;
however, it is too early to tell, as it is still under test for, among other things, ozone-
depleting potential, toxicity, and corrosion potential (Zurer 1993). Therefore, for the
remaining critical applications, careful management of supplies is warranted-for

26. Examples of halons are bromotrifluoromethane (halon-1301), dibromotetrafluoroethane
(halon-2402), and bromochlorodifluoromethane (halon-1211). Halons are typically chemical compounds
made up of the elements carbon, fluorine, and bromine. They can also contain chlorine. They do not
contain any hydrogen. In these compounds, it is the bromine atom that acts as a catalyst to break up ozone
molecules (thus playing a role akin to that of chlorine in CFCs). As can be seen from the ozone-depleting
potentials in Box 1. 1, halons have higher ODPs than CFCs.

27. This section is drawn mainly from Gary Taylor's presentation in World Bank (1993b).
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example, through the elimination of discharge testing by use of other methods, improved
detection systems to eliminate unnecessary emissions, and prevention of leakage and
inadvertent discharge. Also necessary are recycling and the setting up of halon banks.

Costs

Cost-effective alternatives for portable fire extinguishers include multipurpose dry
chemical fire extinguishers and water-fog fire extinguishers; in the case of fixed fire
protection systems, water sprinkler systems have been the alternative of choice for more
than 50 percent of the applications in developing countries. Indeed, if a municipal water
supply is available, the cost is lower than halon protection. Other viable, commercially
available alternatives include HFC-227ea, inert gas mixtures, and water-mist systems.
Recycling is not cost-effective, but it becomes viable if the supply of newly produced
halons is restricted or regulations make it so.



Annex 1. Unit Abatement Costs

Incremental unit abatement costs have been calculated as follows: 28

UAC = A*C + (O&M)

Q*ODP

where,

UAC = Incremental unit abatement cost ($/kg of ODP saved)

A*C = Annualized incremental capital cost ($/yr). This includes one-time
costs, such as investment in equipment, but also initial costs of start-
up, training, and technical assistance.

C = Incremental capital cost ($) (i.e., cost above that of carrying out the
base case alternative, which is the continuance of the use of ozone-
depleting substances to provide the same level of service).

A = The annuity rate = r (1+r)n , where r = 0.10, i.e., a discount rate of

(l+r)n -I 10%, and n = life of plant (yr)

(O&M) = Incremental operating and maintenance cost or saving in the first year
that project is fully operational ($/yr). (Note that any savings would
give a negative number.)

ODP = Ozone-depleting potential relative to CFC- 1 1

Q = Quantity of ozone-depleting substance not emitted to the atmosphere
in the first year that project is fully operational (kglyr)

28. Note that this is different from the method used to calculate unit abatement costs for the
World Bank-Montreal Protocol investment projects.
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Annex 2. Aerosols Data
CFC Incre-

UAC use in mental
($t7cg Annualized ODP cost
ODP capital cost *No. of cans terms (centsl

Country saved) ($) filled/yr (MT) can) Notes

Ecuador -0.47 - - 60 - Personal deodorants, hair
spray, shave cream,
insecticides, room deodorants

Ecuador 0.73 -' - 6 - Insecticides
Ecuador -0.76 - - 50 - Pesonal deodorants
Ecuador 1.13 - - 5 - Insecticides, insect repellants
India 1.58 12,640 500,000 8 - Capital cost mainly safety

related. Facility already
converted to mainly HC filling.
Contract filling: own brand
ratio, 50:50.

India 0.4 14,400 1,000,000 36 1.4 Contract filling: own brand
ratio, 90:10.

India 0.82 14,760 600,000 18 2.5 Shaving cream, 5-lOg of
propellant per can. Leak
testing not carried out, mainly
"home-made" machines.

India 0.64 16,000 2,000,000 25 0.8 Contract filling: own brand
ratio, 75:25.

India 0.2 16,800 360,000 84 4.7 Contract filler, industrial
aerosols. Leak testing not
carred out.

India 0.27 14,850 120,000 55 12.4 Contract, as well as own brand
filler of industrial aerosols.

India 1.96 23,520 - 12 -

India 1.32 23,760 2,000,000 18 1.2 Cosmetics and pharma
products; contract filling: own
brand ratio, 75:25.

India 0.74 14,800 85,000 20 17.4 Industrial aerosols of penetrant
lubricants, insulating varnish
and degreasers.

India 1.09 13,080 - 12 - Perfumes
India 1.64 14,760 100,000 9 14.8 Contract filling: own brand

ratio is 70:30.
India 1.23 14,760 50,000 12 29.5 Contract fillers.
India 1.23 14,760 90,000 12 16.4 70-80% filling of own brands.
India 0.44 13,200 120,000 30 11.0 Industrial aerosols; contract

filling: own brand ratio, 50:50.
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Annex 3. Solvents Data
UAC ($kg

ODP CFCsavedperyear
Manufacturer saved) Notes (MT)

Syringe manufacturer, 16.81 8 MT of CFC- 1 13 is the carrier for the 8 (CFC- I 13)
India silicones that lubricate syringes and

hypodermic needles.

Electronics firm, 9.71 Substitution of vapor degreasers by aqueous 98 (CFC-1 13) and
Philippines and semi-aqueous cleaning technology for 73 (MCF)

the cleaning of circuit card assemblies.

Electronics firm, 16.84 The in-line CFC-1 13 cleaning process for 34 (CFC-I 13)
Thailand had disk drives is replaced iwth Ultrapure

Deionized (UDI) water process, saving 34
MT/ yr. Costs of the support equipment for
water recycling, high purity air production,
and waste water treatment are included.

Electronics firm, 18.14 Switch to aqueous cleaning to remove flux 14.5 (CFC-1 13) and
Thailand residues from soldered circuit cards and to 1.6 (MCF)

wet media blasting to clean semiconductor
chip assemblies.

Electronics firm, 6.03 For circuit card cleaning: replacement of 16.1 (CFC-1 13)
Thailand blended solvent CFC-I 13/ MeOH in-line

cleaner and recently retired vapor degreaser
with 3 in-line aqueous cleaners. Cost for the
purchase and installation of a water
recycling system is included.

Heat exchanger -6.6 Cleaning of heat exchangers using aqueous - 12.7 (MCF)
manufacturer, Thailand based process, followed by drying to remove

moisture.

Heat exchanger 8.9 Cleaning of heat exchangers: replacement of 11.1 (MCF)
manufacturer, Thailand vapor degreasing cleaning process using

MCF with aqueous-based cleaning process
and the addition of drying equipment.
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