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FOREWORD

Prepared by the OECD Directorate for Science, Technology and Industry, the
STI Review, published twice yearly, presents studies of interest to science, technol-
ogy and industry policy makers and analysts, with particular emphasis on cross-
country comparisons, quantitative descriptions of new trends and identification of
recent and future policy problems. Because of the nature of OECD work, the
STI Review explores structural and institutional change at global level as well as at
regional, national and sub-national levels. Issues often focus on particular themes,
such as surveys of firm-level innovation behaviour and technology-related
employment problems.

This issue of the STI Review examines aspects of sustainable development
related to industry and technology. The articles reflect the wide variety of research
and analysis on policies and programmes to achieve sustainable development
which is ongoing in various parts of the OECD. This research is also part of the OECD
Three-year Project on Sustainable Development, a co-ordinated effort of the
different Directorates and Agencies of the Organisation, which will yield a compre-
hensive report in June 2001. Particular attention is being given to the economics of
sustainable development, including economic frameworks for technology and
innovation. Governments must ensure that the parameters are set for encouraging
industry investments in clean technology and environmental management
strategies. Governments also contribute through financing the basic research that
underlies innovation, developing and diffusing technology, and pursuing “green
procurement”.

The views expressed in this publication do not necessarily reflect those of the
OECD or of its Member countries. The STI Review is published on the responsibility
of the Secretary-General of the OECD.
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OVERVIEW

The concept of sustainable development originally derives from the scientific
literature, where it implies the management of a natural resource in ways consistent
with the preservation of its reproductive capacity. It has now acquired a broader
meaning, implying that the objectives of increasing economic efficiency and
material wealth must take into account social and environmental concerns within an
overall policy framework. The OECD Three-year Project on Sustainable Develop-
ment is an attempt to make the concept operational for public policies. It
approaches sustainable development as a key economic issue, the response to
which requires modifying economic incentives to incorporate environmental and
social concerns.

A major obstacle to achieving sustainable economic development arises from
the presence of external environmental costs and the lack of appropriate prices for
many inputs as well as goods and services. The role of such market failures in dis-
couraging investments in clean technologies is highlighted in the first two articles
in this volume. The OECD Working Group on Technology and Sustainable Development sum-
marises the results of over a year of study of the relationship between technology
and sustainable development. Technology will be critical in meeting the needs of
current and future generations and in de-linking economic growth from environ-
mental degradation. However, appropriate technological change is not automatic.
Market failures, including information and pricing failure, risk stifling rather than
stimulating technologies that may enhance sustainable development. Govern-
ments must improve framework conditions so as to provide the right incentives and
price signals to firms, and influence consumer awareness and behaviour with
respect to environmental concerns.

Improving the signals involves making sure that existing prices better reflect
the full marginal costs and benefits to society of different technical approaches.
This partly depends on removing government subsidies, changing relative tax
levels and reforming other inappropriate public policy interventions. For example,
government subsidies (e.g. in energy) may stimulate overuse of inputs or over-
production and lock in prevailing and often inefficient technologies. Taxes and user
charges for public goods (e.g. water, transport) may not cover public spending on
infrastructure nor their health and environmental costs and may discourage
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investment in alternative approaches. In addition to getting the prices right,
government policies in the areas of both environment and innovation could be
better integrated to stimulate the development of clean technologies and more
integrated approaches to pollution prevention.

This two-pronged approach — correct pricing combined with active technology
programmes — is explored with respect to the energy sector by Birol and Keppler.
Increasing energy efficiency is of particular importance given the commitment of
most OECD countries under the Kyoto Protocol to reduce by 2012 their greenhouse
gas emissions by an average 6% below the level of their emissions in 1990. Improve-
ments to technological efficiency are key to decreasing energy intensity while main-
taining economic growth. Enlightened use of economic instruments — in particular,
fewer subsidies and higher taxes — could lead to more appropriate energy pricing
and decreases in energy consumption. But this does not downplay the importance
of public investments in research and technology development and diffusion,
which are also essential to enhancing long-term energy efficiency.

According to Fukasaku, innovation is an important part of the industrial
response to environmental regulation and can contribute to firm-level competitive-
ness. In this, there are parallels to new growth theory where innovation and induced
technical change are important drivers of economic growth. The economic and
social value system at the base of the current technological trajectory appears to be
evolving towards greater internalisation of social costs, including environmental
externalities. New patterns of growth based on structural factors including technol-
ogy may be further strengthened if the underlying innovations are sustainable as
well. Yet innovation for environmental sustainability presents a typical case of
market and systemic failure where public policy interventions may be called for.

Greater use of biotechnology as a sustainable development tool depends on
further research as well as on greater consumer acceptance, as described by Griffiths
and Wald. The industrial applications of biotechnology have been relatively non-
controversial, even though the food industry is a sector where biocatalysis is being
introduced for the sake of cleaner production. Industrial biotechnology replaces
traditional catalysts and transformation processes — many of which are very pollut-
ing — by newer, environmentally friendly ones based on living organisms. It aims at
reducing production inputs, such as raw materials and energy, and at eliminating or
at least reducing waste generation in sectors from pharmaceuticals to metals.
Because industrial biotechnology can also enhance resource efficiency and lower
costs in production, thus contributing to competitiveness, more industrial sectors
are adopting this approach to increasing their sustainability.

The next articles demonstrate the value of specific types of government
programmes when directed towards environmental aims. Heaton analyses environ-
mental technology verification (ETV) programmes, which are relatively new and still
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primarily confined to North America. These government-funded programmes test
new environmental technologies, demonstrate their contributions in different
industrial processes and settings, and help them overcome initial regulatory hur-
dles. ETV schemes have proven a boon to technology vendors in the environmental
goods and services industry, which is coming closer to being categorised and
classified, as described by Vickery and larrera. The actual economic contributions of
this new growth sector have been difficult to calculate due to measurement
problems which are now being overcome in a joint statistical effort by the OECD
and Eurostat.

Governments have a role not only in developing and diffusing clean technolo-
gies but also in becoming enlightened consumers of goods and services. Eppel
advocates that governments set a good example to the private sector and the
public through “green procurement”. In work done for the Climate Technology
Initiative (CTI), she examines how governments could direct their significant
purchasing power towards climate-friendly technologies, leading to first-mover as
well as market-scale effects. These are technologies which use renewable energy
sources and achieve energy efficiencies. Public purchases of items from boilers and
windows to computers and cars could be more environmentally correct. Govern-
ments will have difficulties advocating responsible environmental behaviour to
others if they are not taking the same measures closer to home.

The role of industry and the public in the sustainable development process is
more closely examined in the next articles. Dearing presents the view of the World
Business Council for Sustainable Development on technology co-operation with
developing countries. Older concepts of technology transfer have been replaced
by an emphasis on capacity-building in these countries to increase their own ability
to identify, adapt and implement clean technologies appropriate to their needs.
The private sector can make a substantial contribution to technology diffusion
worldwide through the investments it makes in these countries and the skills it
helps to develop.

This is part of the growing sense of corporate social responsibility among firms,
as explained by Mega. More enterprises are adopting environmental management
strategies and making green investments both to get a jump on regulatory compli-
ance and to improve their efficiency and competitiveness. Another influence is the
growing number of corporate codes of conduct, such as the OECD Guidelines for
Multinational Enterprises and the ICC Business Charter for Sustainable Develop-
ment. These codes are appearing at the industry, national and international levels
and can be developed either by governments or the private sector. However, it is
unclear to what extent these codes are translated into deeds and reflect a real
commitment to sustainable development beyond a public relations campaign.
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It is difficult to see how standardised reporting by firms of the pollutants they are
releasing into the environment — information which is shared with the public — can be
good for public relations. Yet Fenerol explains how governments are adopting indus-
trial pollutant reporting systems which can be either mandatory or voluntary. Data on
pollutants are reported annually by source. This helps build an environmental
database of potentially harmful releases to air, water and soil and is valuable to
industrial planning as well as government monitoring. These systems, initiated in the
United States, are founded on the concept of community right-to-know.

The role of consumers in sustainable development is the subject of the article
by Cantell and Ericsson. Sustainable consumption is an important but oft-neglected
element of sustainable development. Yet the paradigm shift to sustainable devel-
opment won't be achieved without far-reaching changes in social attitudes towards
goods consumed, waste disposed of, transport used, etc. Most consumers say they
are willing to pay to protect the environment, sort their waste for recycling and shop
in an environmentally sound way. But in reality they do little to change their
consumption patterns. Governments are mounting educational campaigns and
schemes such as eco-labelling to raise consumer awareness. More influential would
be changes in relative prices for goods and services, to reflect their environmental
costs and contributions, which could help steer consumers in the direction of
sustainability.

Candice Stevens
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I. INTRODUCTION

Technology is one of the topics being treated in the OECD Three-year Project
on Sustainable Development, which involves most directorates of the OECD
(e.g. Economics, Environment, Agriculture, Science and Technology), the Interna-
tional Energy Agency (IEA) and the Nuclear Energy Agency (NEA) in an effort to
develop policy recommendations for Member governments for achieving sustain-
able development goals. The underlying objective of this horizontal effort is to
achieve policy coherence in addressing sustainable development issues. There will
be a series of interdisciplinary workshops and conferences as well as analytical
reports. A policy report will be delivered to the OECD Ministerial Council Meeting
in 2001.

The following are among the technology areas to be studied as part of the
OECD Project on Sustainable Development: i) the concepts of eco-efficiency and
resource efficiency and their relationship to sustainable development, including
the development of indicators that can be applied to countries, sectors and
technologies; ii) how innovation systems and the design of environmental policies
and regulations can best provide the conditions and incentives needed to promote
environment-related innovation; iii) specific technologies and their contributions to
sustainable development, including nuclear power and biotechnology; iv) case
studies of how enterprises incorporate environmental objectives into their
management strategies, including investments in clean technologies; and v) means
for facilitating international collaboration in research and development on environ-
mental problems and technologies. The following article reflects OECD views on
the role of technology and innovation in sustainable development as contained in
the 1999 Progress Report to OECD Ministers (OECD, 1999a).

II. THE ROLE OF TECHNOLOGY

Technology is critical to securing sustainable development goals, in particular
in de-linking economic growth, as measured by GDP, from environmental degrada-
tion and unsustainable resource use. Significant reductions in energy and materials
intensity and polluting emissions will require technological advances in products
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and processes, as well as organisational and behavioural changes. These
technologies can contribute to the improved performance and competitiveness of
industry. Global environmental concerns — including loss of biodiversity, climate
change, ozone layer depletion and desertification — will also require the best
scientific and technical insights for assessment and solution.

However, appropriate technological change is not automatic. In traditional
growth theories, new technology is an exogenous variable appearing from outside at
the right time and right price. In reality, market failures in terms of information
deficiencies and inappropriate pricing risk suffocating rather than stimulating
technologies capable of enhancing sustainable development. Producers and
consumers may lack knowledge about the environmental impacts of different
products and activities. The prices of many goods and services often do not reflect
resource use or environmental externalities. As a result, new substitutes tend to be
more expensive than conventional technologies. The costs of developing new,
clean technologies and integrated approaches are often high and the timeframes
long. Where the benefits are more public than private, the result is insufficient
industrial investment and inadequate technological innovation. Providing proper
price signals would increase investment in clean technologies.

Endogenous growth theories acknowledge that technological change occurs as a
result of identifiable processes including corporate investment and public policies
(Aghion and Howitt, 1997). Governments have an important role to play in getting
the prices right and in providing a climate for environment-related innovation. The
economic, legal and physical infrastructure is an important determinant of levels
and patterns of research and development, institutional interactions, education
and training, investment and finance, communications, etc. Market factors, such as
consumption trends, and government regulation are important influences on the
innovation climate. In general, the design of framework conditions for sustainable
development should be set from the perspective of balancing increases in material
welfare with long-term environmental and social challenges and the actions
needed to address them.

Governments have a more direct role in developing and diffusing technology
for sustainable development and in the financing of the basic research that under-
lies innovation. Technology development has become the focus of an increasing
number of public research partnerships with the private sector. Governments may
also act to ensure that existing valuable technologies are more widely used. For
example, the technologies needed to meet the Kyoto Protocol targets for green-
house gas reduction are mostly available today, but may require government action
to see that they are much more widely deployed (Box 1). At the international level,
governments need to work together to promote the use of clean technologies on a
global scale as well as to address global-scale ecological issues.

OECD 1999
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Box 1. Energy technology and climate change

The Kyoto Protocol has committed OECD governments that are Parties to
Annex 1 to take actions to reduce greenhouse gas emissions. Technology will play
an important role in achieving targeted reductions in emissions and can facilitate
reductions at lower cost. Important energy technologies include large-scale wind
turbines, photovoltaics, nuclear power, natural-gas-fired combined cycle turbines,
and fuel cells for transportation and power generation.

The adoption of these technologies has been slow. Long lead-times are
needed for the refinement and commercialisation of new energy technologies.
Investments in replacement stock with improved environmental performance are
costly and only periodic for industry. Most energy technologies with superior envi-
ronmental performance are more expensive than current techniques. Relatively low
prices for fossil fuels make it difficult to justify replacing them from the cost
perspective of an individual agent. Getting the prices right for energy inputs will
help get the right technologies in place.

The technologies needed to meet the Kyoto targets are mostly available “on
the shelf” today, but governments may need to take action to ensure that they are
broadly implemented. Demonstration and diffusion programmes can help make
clean energy technologies more widely known and available. Verification and certi-
fication programmes can help more experimental energy technologies clear the last
technical and regulatory hurdles. Research and development partnerships with
industry can accelerate the emergence of new energy technologies. Government
procurement programmes can steer technology development towards a sustain-
able path. Fiscal and financial incentives may speed up the adoption of innovative
energy techniques.

Beyond Kyoto, ever more demanding targets for reduced emissions will be
required. Current, even cutting-edge, technologies may not be able to meet such
targets. In the longer term, fundamental research on alternative energy technolo-
gies is needed to lower emissions. Changing practices of energy use and consump-
tion will also help put the world on a lower-emissions path. Governments need to
promote lifestyles and technologies that alter the relationship between the supply
of energy services and environmental degradation. They need to work together to
underwrite the research and development costs for technologies which are crucial
for addressing global-scale ecological issues.

Source: OECD, 1999a.

III. SETTING FRAMEWORK CONDITIONS

Technological breakthroughs for sustainable development can be promoted
[ 14 by incorporating environmental and social criteria into innovation systems.
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Enterprises are the motors of innovation and their performance depends on the
incentives they receive from the economic and regulatory environment. For
example, reforms may be needed in intellectual property regimes to stimulate innova-
tion and technology diffusion; in competition policies to promote healthy rivalries and
to facilitate collaborative research; in education and training policies to develop human
capital on a continuing basis; in financial and fiscal policies to enhance the availability
of capital to innovative firms; and in communications policies to increase the flow of
information. Developing technology for sustainable development can be facilitated
through an improved understanding of the innovation process.

New insights into the nature of the innovation process have changed percep-
tions about the appropriate role of governments (OECD, 1997). The specific instru-
ments of science and technology policy are being adapted within a broader
framework that stresses the importance of policy coherence and of interlinkages
within innovation systems. Policies to promote research collaboration, facilitate
firm networking and clustering, encourage institutional ties, diffuse technology and
increase personnel mobility are taking on new significance. However, the success of
these approaches depends on the overall policy environment, encompassing both
macroeconomic and structural conditions. Policy coherence also implies improved
integration of environmental and technology policies and better co-ordination
among environmental and technology agencies. Some recent approaches to envi-
ronmental innovation have been based on the concept of “environmental clusters”
(Box 2).

One of the most important framework conditions for innovation to support
sustainable development is technology pull from consumers and markets. It is
often not a lack of research, but a lack of demand that limits technological progress
as well as a lack of correct pricing. Industry will not have an incentive to produce
greener products or to invest in cleaner production processes in the absence of
market rewards. Making the leap to less wasteful consumption in the longer term
will require changes in existing styles of working and living and from the highly
resource-intensive habits that now predominate. Research indicates that aware-
ness of environmental issues is on the increase among consumers, but this has not
yet translated into far-reaching changes in everyday buying and living patterns.
Although environmental investments are starting to be rewarded in the market-
place, public policies should seek to accelerate these trends and strengthen
market pull.

Governments are taking initiatives to shift consumer behaviour towards modes
that are more supportive of the environment. They can implement mandatory and
voluntary product standards to promote energy and water efficiency. They can use
taxes to influence consumption away from harmful goods, such as certain batteries
or fuels, and encourage the development of substitutes. They can support eco-
labelling schemes to inform consumers on the environmental characteristics of

OECD 1999
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Box 2. Fostering environmental clusters

Innovation mostly occurs within clusters of inter-related firms. Firms generally
do not innovate alone. Rather they interact with similar companies, specialised
suppliers, service providers, firms in related industries, and associated institutions
such as universities and research institutes. Such clusters revolve around knowl-
edge spillovers, pooled labour markets and exchanges of products and technology.
As seen in Silicon Valley, they are usually found at the juncture of an entrepre-
neurial business climate, readily available risk capital and a business-friendly
academic infrastructure. Clusters might also be based on geographic or natural
resource advantages. Innovative clusters are emerging as drivers of growth and
employment and are determining the pace and direction of development for entire
regions, industries and sometimes countries. Governments can influence the
development of clusters. Regional and local policies and development pro-
grammes can play a nurturing role. National governments must establish the appro-
priate frameworks in terms of competition, education, and financial and other
policies. Newer approaches to stimulating cluster creation are also being tried by
OECD governments, ranging from focused R&D schemes and competitions for
funding to public procurement and investment incentives.

Finland launched an Environmental Cluster Research Programme in 1997 to promote
both environmental entrepreneurship and sustainable development. It targets the
emerging environmental goods and services industry, one of the country’s fastest-
growing sectors. The government provides seed funding for research on new envi-
ronmental technologies to be carried out by consortia of producers and suppliers,
universities and institutes. Collaborative projects enhance networking among
researchers and users and facilitate innovation. Improving eco-efficiency through
the application of life-cycle techniques in agriculture, forestry, basic metals and
water management is the initial subject for research. The Ministry of the Environ-
ment co-ordinates the programme together with the Ministry of Trade and Industry,
the Technology Development Centre (TEKES) and the Academy of Finland.

Source: OECD 19995.

products and processes and broaden their choices. They can encourage reporting
by enterprises on emissions and the environmental implications of their activities,
as well as increase public access to these registries. They can use green govern-
ment procurement and encourage green investment instruments to further sustain-
ability priorities. Mostly, governments can overcome information deficiencies by
increasing consumer knowledge of the ecological impacts of their behaviour and
product choices and of the potential benefits of alternative consumption patterns.
However, resolving many of the environmental challenges posed by current market
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trends, such as growing demand for more mobility and transport, may require more
far-reaching changes in consumption behaviour. It will also depend on broader
societal participation and support, as well as on government co-operation with
industry, the media, schools and other influential institutions and groups.

Public resistance to certain technologies can also be a barrier to use. New
technologies can lead to pressures on natural resources and health and safety
hazards and raise difficult ethical considerations for society. There are major trust
implications for technology acceptance, which may result in certain technology
options being rejected or inadequately developed. For example, both nuclear
energy and biotechnology may offer valuable technical solutions to enhance
sustainable development (OECD, 1998a). A challenge is to increase our knowledge
and public understanding of the social costs and benefits of alternative technolo-
gies, which involves agreeing on approaches for risk management. Public percep-
tions and understanding of different technologies can be enhanced by broader
involvement of society in setting research agendas and standards of use and
oversight. This will help stimulate technology development that responds to the
broader needs and preferences of society.

IV. FORMULATING ENVIRONMENTAL POLICIES

Environmental innovation takes place mostly in industry, where environmental
policies and regulations are an important influence. The need to comply with envi-
ronmental regulations has led industry to develop and adopt various pollution-
control techniques and equipment. However, traditional forms of environmental
regulation have not generally led to radical technological change, although they
have contributed to significant pollution abatement over the years. In many cases,
command and control approaches have been a predictable stimulus to small, incre-
mental improvements along established pathways, often in the form of end-of-pipe
technologies. More dynamic environmental policies that promote prevention
rather than abatement, and the development of clean technologies and integrated
approaches — including economic instruments — are needed (OECD, 1999¢).

Environmental policy instruments differ in their effects on innovation. Product
standards tend to prompt incremental innovation or modifications at the margin.
Product bans can stimulate radical innovation in the form of replacements but entail
disruptions and costs. Performance standards are technically flexible while technology
specifications tend to stifle innovation. Economic instruments, such as pollution charges
and tradeable permits, have more dynamic potential to stimulate innovation but
have not always been set at sufficiently high levels in the case of the former or used
extensively in the case of the latter. Nor have voluntary agreements brought much
pressure for technological change thus far.
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In general, economic instruments should be used more frequently as substi-
tutes for and complements to traditional forms of regulation. Changes in implemen-
tation as well as new approaches could also substantially improve the regulatory
framework for environmental innovation. The ways regulations are implemented
and enforced have a strong influence on industry programmes to develop technol-
ogies to comply with new standards. Systems for early warning and timed introduc-
tion of new policies can help reduce regulatory uncertainty for industry. Expedited
government review procedures and verification and certification schemes can
speed market introduction of new technologies. Shifting away from technology
specifications towards end results can increase the flexibility for industry in
meeting compliance. Also valuable are new types of voluntary agreements and
approaches such as extended producer responsibility, disclosure requirements
and environmental management systems, which can encourage changes in resource
inputs and the complete redesign of products and processes.

V. DEVELOPING ENVIRONMENTAL TECHNOLOGIES

Shrinking research budgets and shorter research timeframes in industry and
government raise concerns about the long-term innovation needed for sustainable
development. Governments must assure a continuing basic research and develop-
ment (RED) effort on broad enabling technologies to support sustainable
development goals. However, RED related to the environment is only a small share
of public research portfolios in OECD countries: about 2% of R&ED budgets in the
case of research directly on the environment, as narrowly defined, and an
estimated 5% when environment-related research on other objectives is added,
such as that on energy, agriculture and the atmosphere. It is true that research in
many technology fields — such as biotechnology and information technology — can
lead to beneficial environmental spillovers. In the case of information technology,
new developments can help organisations monitor different aspects of their
environmental performance at reduced cost. But overall, given the pressing nature
of many ecological concerns, government expenditures on research that could be
environmentally beneficial seem to be very low by most measures and may thus
warrant review.

From the perspective of concepts such as eco-efficiency and resource efficiency,
environmental technologies are those which minimise the resource and energy
intensity of goods and services and polluting emissions (OECD, 1998b). They are
technologies that enhance society’s overall management of its resources. Technol-
ogy foresight exercises have been one means of identifying useful technologies and
important areas for research, including in the environmental realm (OECD, 1999d).
Although not intended to pick “winners”, technology foresight helps enterprises
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and countries to identify useful areas for research and development. And the
foresight process is valuable in forging linkages between society and research and
generating interactive processes to match technology development to social needs
and market pull. Recent foresight studies have underscored the seriousness of
ecological challenges and the importance of environment-related research. They
have highlighted a number of key technologies for sustainable development,
e.g. biotechnology, information technology and fuel cells, as well as specific
applications, e.g. clean cars (Box 3).

Box 3. Technologies for sustainable development

Clean car technologies. Future cars could feature alternative batteries, lightweight
materials, direct injection engines, fuel cells and/or enhanced recyclability — all
leading to lower fuel consumption and emissions.

Photovoltaics. Buildings, automobiles and decentralised power units using
photovoltaics or light-based energy are envisioned.

Biotechnology. Biotechnology holds vast potential for sustainable development.
Bioprocesses can reduce resource inputs, pollutants and wastes from manufactur-
ing. Agro-genetics can limit adverse impacts from pesticides and other chemicals in
agriculture as well as enhance food security.

Advanced sensors. Sensors will be used to monitor air and water quality as well as
global changes in the climate, stratospheric ozone layer, marine environment and
varied ecosystems. Global information systems can aid precision farming, saving
resources while maximising output.

New materials. Advanced materials technologies will facilitate recycling of
consumer goods and of manufacturing inputs and further the implementation of
life-cycle concepts.

Smart water treatment. New membrane technologies and biological treatments
will be able to purify wastewater by removing organic compounds and could lead
to community or home-based water treatment units.

Smart waste treatment. Approaches to reducing municipal waste, cleaning up
hazardous waste and treating nuclear waste will be based on new enzymes,
catalysts and other advanced techniques such as transmutation.

Renewable energy. Improved power storage technology and combined conver-
sion systems will increase the use of electricity from renewable sources such as
solar power, wind power and biomass.

Source: OECD, 1999d.
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While new technologies are primarily developed and brought into use as a result
of business decisions, governments also play a role in developing technology and are
increasingly conducting applied research in partnership with industry. Such public/
private partnerships are a means for doing more with less, although there may be
risks of misdirecting resources and capture by private interests. They can leverage
private investments in innovation and direct it towards critical research needs. They
can enhance linkages among enterprises, and between enterprises, universities and
public research institutions, and foster interactions that are crucial to the innovation
process. In the environmental realm, partnerships are valuable because they reduce
obstacles to the development and diffusion of clean technologies. Many OECD
governments are initiating partnerships to develop technologies that can contribute
to both sustainable development and industrial competitiveness (Box 4). Further
evaluation is needed on the cost-effectiveness of such partnerships and on their
influence on longer-term technology development and research-related linkages.

Box 4. Examples of environmental technology partnerships

Canada — Technology Partnerships Canada. Environmental technology is one of the
three categories supported by this programme which provides repayable contribu-
tions for research on technologies for air pollution control; water and wastewater
treatment; clean cars/transportation systems; climate change; and recycling.

Germany — Research for the Environment. A research programme intended to
“support scientific initiatives aimed at developing, together with partners from
industry, new environmental technologies and/or new concepts of environmental
engineering and use”.

Japan — Research Institute of Innovative Technology for the Earth (RITE). RITE has created
a partnership scheme to develop technologies for reducing greenhouse gas emis-
sions, using biotechnology in production processes, developing substitutes to
ozone-depleting substances, and monitoring techniques for air, water and soil
pollution.

United Kingdom — Foresight Vehicle Programme. A LINK scheme aiming to develop a
clean, efficient, lightweight, telematic, intelligent, lean vehicle which will satisfy
stringent environmental requirements while meeting mass market expectations for
safety, performance, cost and desirability.

United States — Industries of the Future Initiative. A collaborative effort between the
Department of Energy and seven energy-intensive industries (steel, aluminium,
metal-casting, glass, chemicals, petroleum refining and forest products) to develop
competitive technologies which fully integrate energy and environmental
considerations.

Source: OECD, 1999c.
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As already mentioned, cleaner technology exists that is not yet in widespread
use because of its price, the lack of information on the part of firms or the need to
adapt it to users. Diffusion of technology and know-how is essential to enhancing
participation in the sustainable development process. To this end, OECD
governments are implementing schemes to disseminate information about clean
technologies and to promote enhanced use of these techniques (Box 5), although
such programmes must be carefully designed and evaluated to ensure cost-
effectiveness and avoid unfair subsidisation. Encouraging information flows is at
the core of all diffusion programmes and this is increasingly being done through
electronic networks such as the Internet. Also prominent are demonstration
programmes that illustrate the technical feasibility and benefits of new

Box 5. Examples of environmental technology diffusion schemes

Australia — Cleaner Production Demonstration Project. This project aims to promote
implementation of cleaner production technologies and processes through
hands-on demonstration of innovative techniques.

France — Agence de I'Environnement et de la Maitrise de I'Energie (ADEME). A special-
ised agency which assists enterprises to reduce usage of energy and raw materials,
to limit waste production and maximise recovery and re-use of waste, to reduce
noise pollution and to prevent and/or treat soil pollution.

Ireland — Clean Technology Centre. An independent, non-profit corporation
supported by a combination of public and private sources to advise and assist
industry and public authorities on the adoption of waste minimisation techniques,
clean technologies and cleaner production methods.

Netherlands — Cleaner Production Programme. A programme to disseminate informa-
tion and stimulate the utilisation of clean technology in smaller firms, focusing on
the food, wood and furniture, printing, chemicals, rubber and plastics, building
materials, metal products and motor vehicle sectors.

Norway — GRIP Centre for Sustainable Production and Consumption. A GRIP (Green
Management in Practice) centre to stimulate adoption of innovative environmental
management practices in the public and private sectors, particularly smaller firms,
through information dissemination and demonstration.

United Kingdom — Environmental Technology Best Practice Programme. A scheme
focusing on waste minimisation and the use of cleaner technologies through the
dissemination of “good practice” guides in the foundry, textiles, paper and board,
volatile organic compounds, glass, food and drink, chemicals, printing, metals
finishing, ceramics, and plastics and packaging industries.

Source: OECD, 1999c.
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environmental technologies, and benchmarking schemes that help firms compare
their environmental performance to that of similar enterprises. Technical assistance
programmes provide more hands-on advice in diagnosing environmental problems
and recommending responses. Governments are also mounting “soft” diffusion
activities focusing on workforce training and encouraging managerial and organisa-
tional changes within firms to improve their ability to assess and adopt clean
technologies.

Fiscal incentives may also be used to encourage the take-up of environmental
technologies. The scope for diffusing technology is often limited by low capital
stock turnover rates, averaging ten to 15 years for many manufacturing processes.
Businesses generally bring new technologies into play only when the existing
capital equipment is replaced. To speed up this cycle, some countries are giving
accelerated depreciation allowances or investment tax credits targeted to environ-
mental investments. For example, Finland offers accelerated depreciation for
investments in air and water pollution control. Canada allows certain energy
conservation and renewable energy equipment to be written off at a 30% declining
rate. The Netherlands offers accelerated depreciation on expenditures that
improve energy efficiency and for pollution-prevention equipment. Regional
governments are also experimenting with environmental tax credits. For example,
Quebec offers a 20% tax credit on investments in clean technology. In the
United States, pollution-control technology gets tax relief in Illinois, recycling
equipment investments are eligible for tax deductions in Virginia, and Oregon has
tax credits directed at specific pollution-prevention technologies. However, such
programmes are still too limited and recent to evaluate their effectiveness in
stimulating such investments and in determining their optimal design so that they
have real value-added benéefits.

VI. ADDRESSING INTERNATIONAL ISSUES

Sustainable development depends on the application of clean technologies
on a broad scale by non-OECD as well as OECD countries. A special challenge is to
enable developing countries to take full advantage of energy-efficient and cleaner
production options and to adapt them to their needs. The main constraints in many
of these countries relate to a lack of human, institutional, technical, managerial and
financial capacities needed to manage technological change. Support for the
dissemination of technological know-how, therefore, must concentrate first on
capacity development to underpin the long-term application of new technologies.
Since the private sector is the largest source of finance for cleaner production and
a major actor in technology innovation, diffusion and application, policy efforts
should also focus on providing the private sector with an open, competitive and
sound policy environment.
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In this context, development co-operation can act as a catalyst to foster public
and private actions at the policy, sectoral and firm levels. While developing
countries must take a leadership role, donors can assist in vital areas like capacity
building and the formulation of policy frameworks conducive to increasing demand
for cleaner technologies. This includes designing market incentives such as removal
of inappropriate subsidies and the introduction of user fees and fiscal incentives
and ensuring the necessary institutional mechanisms for their implementation.
Official Development Assistance (ODA) in these areas aims to complement and
leverage investments in cleaner technologies which depend primarily on domestic
resource mobilisation and access to foreign direct investment. Special schemes
have also been set up to assist developing countries in addressing specific
environmental concerns, including the Global Environmental Facility (GEF), the

Box 6. Climate Technology Initiative

Through the Climate Technology Initiative (CTI), countries are working together
to support the objectives of the Framework Convention on Climate Change through
joint science and technology programmes. The CTI provides a framework for
countries to collaborate to accelerate the contribution of technology to addressing
the problem of global climate change. The wider adoption of existing climate-
friendly technologies and the development and deployment of new and innovative
technologies are an important part of the climate response. The CTI was
launched at the First Conference of the Parties (COPI) in Berlin, Germany in 1995
by 23 IEA/OECD countries and the European Commission. It has evolved to include
regional workshops and country-specific consultations on the best climate-friendly
technology options.

In addition to sharing the experience and benefits of national climate technol-
ogy research and programmes, the CTI promotes and sponsors joint research and
development on climate-friendly technologies. Four multilateral research projects
were launched at COP3 to investigate ocean sequestration of carbon dioxide,
geological sequestration of carbon dioxide from fossil fuels, combustion in recycled
CO,/0, mixtures, and very large-scale photovoltaic power generation systems
utilising desert areas. Collaborative research proposals are also being developed
on: hydrogen production from fossil fuels; biological hydrogen production;
chemical CO, fixation and utilisation; different pathways for methanol production;
transportation fuels from biomass; CO, as a chemicals industry feedstock; and
integrated supply of heat and CO, to the horticultural industry.

Source: OECD, 1999a.
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Multilateral Fund for the Implementation of the Montreal Protocol, the
Clean Development Mechanism established under the Kyoto Protocol, and the
UNIDO/UNEP National Cleaner Production Centres Programme.

Some problems are so global in nature that only concerted international action
can resolve them. Addressing issues such as climate change, ozone layer depletion,
desertification and biodiversity will require joint action by countries to develop
and disseminate innovative technology. Large-scale and long-term, these issues
require the insights of many disciplines and the efforts of many countries to be
understood and addressed. Individual researchers and countries cannot solve
these problems on their own. The world’s most advanced science and technology
resources are concentrated in the OECD countries and much more co-operation
could occur in a wide variety of areas of research and development. Research
co-operation and technical collaboration is crucial for attaining the most critical
sustainable development goals, such as addressing climate change (Box 6).
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I. INTRODUCTION

Energy efficiency determines the amount of energy needed to deliver valuable
goods and services. In market economies, energy efficiency is determined by the
state of the technology, the preferences of consumers, structural parameters such
as climate, geography and culture, and the price of energy relative to other econom-
ically relevant inputs. Frequently, there exists a special interest in accelerating the
rate of energy-efficiency improvements. To the extent that increases in technical
efficiency lead to reduced energy use per unit of output, higher energy efficiency
means lower imports, slower resource depletion, less environmental damage and
lower costs per unit of output.

Energy efficiency is of particular importance in the context of the commitment
of most Member countries of the International Energy Agency (IEA) under the Kyoto
Protocol to reduce until 2012 their absolute annual greenhouse gas emissions by, on
average, 6% below their emission levels in 1990. A large part of these emissions,
around 70%, are energy-related. Since this commitment is coupled with the desire
to maintain vigorous economic growth, it will only be achievable with massive
decreases in energy intensity, the ratio between energy consumption and output.
The crucial question in this context is whether such decreases in energy intensity
can be brought about by improvements in the technological efficiency with which
energy is used.'

This article analyses the different answers to this question, relying on basic
economic theory and some empirical evidence. It also highlights the different
implicit and explicit assumptions of various research communities which have led
to vastly differing answers in the past. It proposes a conceptual framework in which
to approach the question of the extent to which technology policy can accelerate
efficiency increases in order to decrease energy intensity, or whether alternative
policy instruments, primarily economic instruments which influence the relative
price of energy, have to be used in addition.

II. TECHNOLOGICAL EFFICIENCY AND ENERGY INTENSITY
Improvements in energy efficiency are frequently, and wrongly, confused with

decreases in the energy intensity of output. An improvement in energy efficiency,
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typically the introduction of a new technology, certainly can improve energy
intensity. The latter, however, is also determined by other factors such as relative
prices, cultural habits, geography, climate and state of development. The link
between technological efficiency and energy intensity, of course, grows more
tenuous the higher the level of aggregation, i.e. whether one considers the energy
intensity of a plant, a sector, or a whole economy.

However, even at the level of the individual firm, energy efficiency improve-
ments do not translate into one-to-one energy intensity improvements. In fact,
technological energy efficiency improvements themselves can set in motion
processes in which new factor combinations are employed, thus relativising the link
between energy efficiency and energy intensity. This issue will be discussed in
more detail below as the “rebound effect”. An energy efficiency improvement in
this context is understood as an improvement in the productivity of the factor
energy. Strictly speaking, it refers to the improved productivity of capital, i.e. a
machine which is specifically dedicated to the use or transformation of energy.?

A frequently cited measure in policy discussion is national energy intensity,
i.e. the ratio between the total energy consumed in a given year and the gross
domestic product (GDP). A typical relationship between economic growth, energy
use and energy intensity might take the form 3:2:1, i.e. an economy which grows by
3% per year and in which energy use grows by 2% will experience an energy-
intensity improvement of 1%. As mentioned above, energy intensity is an imperfect
measure of energy efficiency, due to structural differences between countries. Even
as a measure for comparisons over time for a single country, the value of the
intuitively appealing ratio of energy use to GDP as an informative parameter for
policy making has been questioned (IEA, 1997).

In fact, yearly figures of national energy intensity aggregate a multitude of
different relationships between energy use and value creation and hide success
stories as well as failures. An economy will typically contain some sectors in which
energy use per unit of output has been decreasing rapidly and others in which
progress has been slow or scant. Also, GDP growth varies over the business cycle,
lowering and raising energy intensity, as energy consumption is less variable than
overall output. Last but not least, there are variations in the degree to which fuel
switching in different sectors is desirable. Home heating with brown coal or private
car use creates environmental problems different from large-scale power genera-
tion, even if climate-relevant greenhouse gas emissions are a concern for both uses.

So, how much can one deduce from economy-wide figures of energy use? That
very much depends on the perspective one has of the degree of interaction
between different sectors. At this point, it is useful to introduce a distinction, which
will be of concern also below — the distinction between engineers and economists.?
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The nature of their respective disciplines tends to lead them to favour distinct
approaches. Engineers stress the particular structural characteristics of a problem,
whereas economists will emphasise underlying generalities and interdependen-
cies. Of course, there is no absolute right or wrong, everything is at the same time
unique and similar to something else.

In a market economy, individuals will strive to maximise their individual well-
being without much regard for each other and yet their actions interact and are
driven by the, ultimately, common results of their actions, such as market prices.
Engineers emphasise the first part of the preceding sentence, economists the
second.* The two quotes below exemplify the two approaches. Subsequently, the
interaction between these two approaches and their success in achieving energy
efficiency will be discussed.

— Quote 1. There are hundreds of millions of them: households and car drivers;
millions of truckers; hundreds of thousands of building operators; farmers
and factory managers. These are the people, the armies of discrete individ-
uals, who make the decisions that govern energy use and CO, emissions.
... What they are interested in is producing goods, rendering services,
heating houses, driving to work and hauling freight, to name just a few.
... Energy serves as a means to these ends. The ends themselves define the proper
study of how and why people burn hydrocarbons and ultimately release
carbon dioxide into the atmosphere [our italics]. (IEA, 1997, p. 11.)

— Quote 2. Fundamentally, in a system in which knowledge of the relevant facts
is dispersed among many people, prices can act to co-ordinate the separate
actions of different people.... Assume that somewhere in the world a new
opportunity for the use of some raw material, say, tin, has arisen, or that one
of the sources of supply of tin has been eliminated. It does not matter for our
purpose — and it is significant that it does not matter — which of these two causes has
made tin more scarce. All that the users of tin need to know is that some of
the tin they used to consume is now more profitably employed elsewhere
and that, in consequence, they must economise tin. ... If only some of them
know directly of the new demand, and switch resources over to it, and if the
people who are aware of the new gap thus created in turn fill it from still other
sources, the effect will rapidly spread throughout the whole economic
system and influence not only all the uses of tin but also those of its substi-
tutes and the substitutes of these substitutes, the supply of all the things
made of tin, and their substitutes, and so on; and all this without the great
majority of those instrumental in bringing about these substitutions knowing
anything at all about the original cause of these changes. The whole acts as
one market ... [our italics]. (Hayek, 1945.)
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III. DETERMINANTS OF ENERGY EFFICIENCY

Consumer preferences, the structure of the economy, the state of technology
and, finally, the price of energy relative to other factors of production all determine
the degree of technological energy efficiency, as well as energy intensity. Concern-
ing the role of technology in determining energy intensity, one has to distinguish
different existing technologies which can be used to produce a given output, all of
which might not be used at a given point in time, from genuinely new, presumably
more energy-efficient, technologies to produce the same output.

In competitive markets, the relative prices between energy, capital and labour
will determine which available technology is selected. Higher energy prices will
imply energy-saving technologies with high shares of capital and labour, and
conversely, lower energy prices will imply technologies with a larger share of energy
inputs and relatively lower shares of capital and labour. The actual changes will also
depend on the substitutability of energy with other factors of production, as well as
its absolute share in production.

In turn, this choice of technologies will determine the overall energy intensity
of production of a plant, a sector or an economy. A good example of this working of
the price mechanism with existing technologies is constituted by the choice of
technology for power generation from coal. The question whether a critical plant
with 38% efficiency or a supercritical plant with 45% efficiency will be constructed
depends primarily on the price of coal. In the absence of regulatory constraints, the
supercritical plant will only be built if the price of coal is high. From the point of
view of a private decision maker, it is of secondary importance whether the price of
coal is high due to the scarcity of the resource or due to an environmentally related
price instrument, say a CO, tax.

Prices are thus one of the crucial variables to determine energy efficiency. And
politicians have several instruments at their disposal to influence the relative price
of energy. The most important among these are taxes on energy use or energy-
intensive products, subsidies for alternative processes or products which consume
less energy, and trading schemes in which large energy consumers can trade a
limited amount of permits for the emission of energy-related pollutants. In the
absence of any dynamic benefits (see below), changes in relative prices through
taxes or subsidies lead to economic efficiency losses in private-good terms
(i.e. those goods which are part of GDP accounts) and to lower growth, even if they
create benefits in public-good terms (e.g. energy security, environmental impacts).

It is clear that with a given set of technologies, a one-time change in relative
prices results only in a one-off increase in energy efficiency. The described mecha-
nism thus concerns a static, or “lasting” framework in terms of main structural
components and infrastructure. It will be discussed below how shocks to the
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economy and the energy sector can re-define the energy-output relationship.While
imperfect, such an approach based on the idea of a “lasting” framework can never-
theless provide some insight, for instance by comparing price-energy intensity
relationships over different countries at one point in time. Of course, such simple
comparisons do not tell the whole story, as climatic differences, average distances
travelled (depending on the size of the country) and other structural parameters
also influence energy intensity. However, cross-country comparisons between
energy intensity and retail gasoline prices show a highly inverse relationship
between prices and energy intensity, which would be difficult to explain by
structural factors alone (IEA, 1998).

Another possibility to induce the choice of the more energy-efficient among
the existing technologies is to mandate their utilisation by law or to impose regula-
tory constraints on less energy-efficient technologies. This would allow apparent
prices to stay the same, while raising energy efficiency. Of course, such a shift would
also impose economic efficiency losses, because the true price of providing energy
services is now increased by the shadow cost reflecting the intensity of the regula-
tory constraint. Economic theory maintains that these losses would be even higher
than with price-based mechanisms (see, for instance, Barde, 1995). Such regulatory
solutions would also be limited to a “controlled” dynamic towards technological
change (see below), as the mandated technological changes in the absence of an
explicit price signal would be confined to the foresight and the knowledge of
the regulator.

The other main factor driving energy efficiency are new technological develop-
ments, i.e. improvements of existing processes, inventions or completely new forms
of satisfying energy-related needs and wants. To function properly, such develop-
ments depend on a great number of factors such as the existing infrastructure, the
degree of knowledge and education in the labour force and the degree of experi-
ence with similar or ancillary technologies. The number of such new inventions is
also related to the size of the resources which governments and private companies
explicitly dedicate to such efforts. In addition, the effectiveness of such support
depends on the development of the appropriate national and international institu-
tional structures to deliver it.

Economists are easily convinced that public resources should be dedicated to
research and development (R&ED), in particular concerning demonstration and
deployment, as long as the corresponding objectives have a strong “public-good”
characteristic. They have, however, not developed very sophisticated approaches
to such new technologies. New technological developments are often considered
as increases in an economy’s production possibilities, essentially unrelated to
other ongoing activities. Expressions such as “autonomous technical progress” or
“autonomous increase in energy efficiency” bear witness to this hands-off attitude.’
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The third approach to analyse energy-efficiency improvements combines the
two approaches outlined above. It argues that changes in relative prices not only
influence the static combination of factors, but that these changes will also lead to
a re-direction of research efforts for new technologies. An increase in the price of
energy would in this framework not only lead to the use of the more energy-efficient
among the available technologies, but also to increased research efforts for new
energy-efficient technologies. The relative price change would thus lead to a
dynamic of “induced technological change”. Such research efforts will naturally
concentrate on the most expensive economic input. In other words, if energy would
become a cheaper factor than capital or labour, the incentive would be to econo-
mise on the latter, with obvious consequences for energy intensity.

The underlying logic is as follows: if technological progress is related in some
stochastic fashion to the amount of resources dedicated to research, then it is
profitable to allocate those resources to the area in which progress would bring the
relatively greatest benefit. The idea of induced technological change is a modern
version of John R. Hicks’ “induced innovation” hypothesis. In this context, he wrote:
“... a change in the relative prices of the factors of production is itself a spur to
invention, and to invention of a particular kind — directed to economising the use

of a factor which has become relatively [more| expensive” (Hicks, 1932).

In principle, it should be an empirical question whether energy efficiency is
best increased through changes in relative prices or through public investment in
energy R&ED or the combination of both. Techniques exist to determine whether
energy-efficiency improvements over time are more closely related to relative
prices or to research funding. In practice, however, this question is almost impossi-
ble to answer due to the fact that government spending on energy research can
itself be related to the price of energy. Some governments, indeed, react in a
manner consistent with the outlined dynamic of induced technological change.

IV. ENERGY INTENSITY AND GDP GROWTH

In order to understand under which circumstance energy intensity can
decrease faster than GDP grows, one has to understand under which circumstance
improvements in technological energy efficiency can translate into energy-intensity
decreases. Improvements in energy efficiency mean that a given unit of energy is
used more productively. Before beginning the discussion of how energy efficiency,
the productivity of the other production factors and the growth of the economy are
interwoven, the following three issues which determine the relationships between
different factors have to be clarified:

— If more of one factor of production, say energy, is added to a fixed quantity
of another factor, say labour, then with each added unit the marginal produc-
tivity of energy will fall and the marginal productivity of labour will rise, as
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long as the two factors are substitutable. Thus, factor shares and marginal
productivities are inversely related. This relationship is also known as the
“law of decreasing returns”.

— As long as relative prices remain the same, the relative productivities of
factors will in a competitive market always remain in the same relationship.
If one factor becomes more productive but its price stays the same, then it is
profitable to buy more of it. This will have the effect that due to decreasing
returns its productivity will be lowered until it will eventually again corre-
spond to its price. Thus, the ratio of the marginal productivities will always
correspond to the ratio of relative prices. In other words, at the economic
optimum (be it static or dynamic), economic inputs will be used in a manner
such that the marginal value of output that a given amount of money, say one
dollar, can buy is the same for all inputs.®

— What exactly constitutes an increase in the marginal productivity of energy?
When talking about an increase in energy efficiency through technological
progress, one usually refers to new, more energy-efficient machinery,
i.e. capital or better management, through a better-educated workforce,
i.e. labour. In order to avoid these problems, technological progress in the
energy field has to be as exclusively dedicated to energy as possible.
Otherwise, it is impossible to separate increases in the efficiency of energy
from increases in the efficiency of capital and labour and from the overall
growth rate of the economy. The example, which will be used in the rest of
this discussion, is the following: a new refinery process doubles the calorific
value of a tonne of fuel.

With these considerations in mind, one can proceed to the question of what
happens to the share of energy in production, the energy intensity, when the
marginal productivity of energy is increased. Since the price per tonne of fuel is
assumed to remain the same, the price per efficiency unit will fall in proportion to the
efficiency increase.” Thus, it is profitable to buy more efficiency units until the
marginal productivity per efficiency unit will correspond to the new lower price.
Other than by the size of the efficiency increase, this process is determined by the
ease with which additional efficiency units of energy can be integrated into the
production process; that is, the elasticity of substitution.

In the process of adding efficiency units, the marginal productivity of the other
factors, capital and labour, will be increased since each unit of capital and labour is
now working with more efficiency units of energy than before. In terms of efficiency
units, not necessarily in terms of tonnes of fuel, more efficiency units are now
employed per unit of output than before.

The process will continue up to the point where marginal productivities
correspond again to factor prices. This is due to the fact that the relative price of
energy in terms of efficiency units has been dramatically reduced, even if the price
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on a per unit of volume basis has remained unchanged. This implies that the other
factors of production are reduced. Overall, less of each factor is now needed to pro-
duce one unit of output, which is equivalent to an increase in GDP growth. Figure 1
provides some illustration for this relationship; note that E,, the new amount of
energy in volume terms, can be smaller, larger or equal to E,,.

Figure 1. Relative factor shares resulting from increased productivity
of energy with unchanged prices

Other inputs
A
Relative factor shares
[¢]] . )
0 Unchanged relative prices
Oly I, — Unit isoquant before
energy productivity increase
1; — Unit isoquant after
energy productivity increase
0 Eoks Energy

This demonstrates the total “compound rebound effect”. The rebound effect
depends on the elasticity of substitution between factors, as well as on the
elasticity of demand for the (now cheaper) final good. The higher the elasticity of
substitution and the higher the elasticity of demand, the more the share of energy
will increase after the improvement in energy efficiency. Its share will increase in
the production of a specific good, as well as in the total economy, to the extent that
goods using large amounts of energy in their production are now comparatively
cheaper. Whether a technological improvement ultimately leads to increased or
decreased energy use in volume terms depends on the elasticity of substitution.
Normally, due to limited substitutability of factors, as well as of final goods, we
would still expect some decrease in overall energy intensity, i.e. the rebound effect
is a fraction between zero and one. 35
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Thus, one cannot say a priori what impact a new energy technology will have on
final energy intensity in the absence of any force which counteracts the fall in
relative prices in terms of efficiency units. This is the heart of the rebound effect: a
new technology which increases, say doubles, the efficiency of using an energy
input automatically halves its relative price in terms of efficiency units.® This will
have impacts on the proportional use of factors (substitution effect) and an impact
on the total demand of the final product (output effect). If there is any substitutabil-
ity at all, it can only be said that the increase in overall energy efficiency will be less
than the increase in technical efficiency. To lower absolute energy consumption at
unchanged prices while the economy is growing is therefore exceedingly difficult.’

In summary, at unchanged prices per unit of volume of energy, an efficiency-
enhancing technological improvement contributes generally less to the reduction of
energy intensity than the technical efficiency improvement suggests. This is due to
three distinct effects:

— The real price decrease in energy services due to the increase in produc-
tivity, while the price of energy stays the same, will lead to an increased use
of energy (in terms of efficiency units, not usually in terms of physical units)
in production.

— Due to the fall in the real price of energy service (or energy-efficiency
units), products which use energy will now become cheaper. The more
energy-intensive a good, the more its relative price will fall. This leads to
re-adjustments between economic sectors, with energy-intensive sectors
gaining at the expense of less energy-intensive ones.

— An increase in energy efficiency is also a contribution to economic growth.
The increased production will entail some fraction of additional energy to
be used.

The fact that energy efficiency improvements contribute to economic growth
due to the rebound effect (an important fact) has to be distinguished clearly from
the additional energy use due to this incremental growth (a minor component of the
overall rebound effect). In fact, economic growth consists of the introduction of new
combinations of ever more efficient factors of production and the rebound effect is
a growth-enhancing efficiency gain. There is thus a trade-off between the contribu-
tion of a technological improvement to decreasing energy intensity and its contri-
bution to economic growth. The higher the elasticity of substitution between
energy and other factors, the lower will be the impact on energy intensity and the
higher the contribution to economic growth and vice versa.

V. ENERGY EFFICIENCY AND FACTOR SUBSTITUTION

These results have now to be qualified with respect to the following two
questions. First, what happens if there exist no possibilities of factor substitution?
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And, second, what happens if shocks prevent the normal working of the economic
process? In the case that there exist no possibilities of substitution between energy
and other factors of production, then the ratio between output and energy use is
actually reduced in proportion to the increase in technical efficiency.

With zero substitutability, the technological improvement of doubling the per
tonne efficiency of a fuel would indeed reduce by half the ratio between energy use
and output. However, in this rare case the technological improvement will have no
positive impact on output growth. In cases in which the other factors also experi-
ence efficiency increases, output would grow proportionately with the factor that
experiences the smallest increase. Increasing energy efficiency beyond the ability
of the economic system to fully absorb the increases will decrease energy intensity
but will not make a contribution to growth.

Another question is what happens if prices on a per volume basis do actually
change. A technological improvement in energy efficiency of the kind that has been
described can be considered as an increase in the supply of the fuel, considered in
terms of efficiency units. The increase in supply would lead to a fall in the price of
efficiency units of fuel. The precise price change on a per tonne basis depends on
the elasticity of demand for efficiency units of energy.

In the extreme case of no substitutability between factors, the demand for
energy (on a per tonne basis) would fall if the fall in the price for efficiency units was
larger than the proportional increase in efficiency. At the other extreme, prices
would rise again if a very large rebound effect would lead to an increase in the
demand for energy (on a per tonne basis). In between, there is very little that can
be said about price changes on a per tonne basis, which as long as these two
contrasting forces are at work will be of an order of magnitude smaller than
increases in efficiency.

However, before engaging in a discussion of different assumptions concerning
the crucial concept of substitutability, the limits of the reasoning so far should be
briefly outlined. The relationships discussed are considered to be part of a stable
economic framework. Now, it is conceivable that a major shock to this framework
alters these relationships in a discontinuous manner. Three different kinds of these
shocks are imaginable:

1. External shocks such as a war or major political shifts.

2. Major technological breakthroughs (such as the invention of electricity) as
opposed to incremental improvements.'?

3. Fundamental re-orientations of government policies and infrastructure
provision (e.g. a large-scale commitment to nuclear power).

Such shocks upset the process outlined above, ie. that a technological
improvement will lead to an effective fall in relative prices, leading in turn to a new
mix of factors and ultimately to increased economic growth.
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In the case of such shocks, the normal structural adjustment of the economy to
the new technical and economic opportunities is prevented for the following two
reasons. The first one is that the sheer speed or magnitude of the technological
development (this relates to the “breakthrough technologies” mentioned under
point 2 above) happens too quickly to be fully translated into economic growth. The
second one is that external factors, such as a war, or internal policy shifts supersede
the market mechanism and hence prevent the usual adjustment. Thus, the external
shock prevents the market mechanism from translating the energy-efficiency
increase into economic growth for the time being. In other words, an external shock
can, in fact, lead to decreases in energy efficiency through technological improve-
ments as long as the economy grows more slowly than the technology advances. It
should, however, be kept in mind that these efficiency improvements are acquired
at a price in terms of potential output increases foregone. In the periods following
such shocks, the economy catches up with a certain time lag, re-establishing the link
between efficiency improvements and output growth discussed above. During
these catch-up phases, the energy-intensity improvements of the economy are nec-
essarily less than the trend."!

VI. THE ROLE OF TECHNOLOGY VS. PRICES

Apart from such major disruptions, the fundamental relationship that energy-
technology improvements are equivalent to decreases in the relative price of
energy (in terms of efficiency units) remains. The extent to which these energy-
efficiency improvements are translated into increases in output or actual decreases
in energy efficiency depends on the elasticity of substitution between factors.'? If
the substitutability between factors and final products is high, then technological
improvements are subject to large rebound effects. If it is low, technological
improvements lower the ratio of energy to output much more easily. The rest of this
section is dedicated to exploring the assumptions under which the elasticities of
substitution between factors and products are high or low.The discussion will focus
on a number of facts that determine the elasticity of substitution and the manner in
which economists and engineers (or their respective caricatures) tend to perceive
these facts. Assumptions about the elasticity of substitution are frequently influ-
enced by the practical and methodological constraints of each discipline. The first
difference in perceptions concerns the time frame under consideration. Most people
agree that the elasticity of substitution is very low in the short run, when the transi-
tion from one technology or one set of consumption goods to another is very costly.

The main difference between the two disciplines, however, relates to the
importance given to the long run. In the long run, the technical possibilities of
substitution are much higher. Different vintages of capital and labour have different
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lifetimes and are progressively substituted. In this process, new factor combina-
tions are chosen according to new marginal productivities and prices. The biggest
difference between engineers and economists in their approach to the possibilities
of substitution lies in the distinction between ex ante and ex post substitution. For the
economist, the world is an open field in which different factors of production and
different consumption goods have to be combined in the most profitable fashion in
response to their prices and marginal productivities. His view of the range of avail-
able choices concerning the technological structure as well as the structure of
demand is ex ante.

For the engineer, instead, the world consists of a set of given technologies or
activities, which determine demand in which relative shares are fixed. An increase
in the productivity of one factor affects that factor alone. Prices cannot alter the
technically (or psychologically) determined relationships or, if they can, then only
in discontinuous jumps between existing technologies which he looks at from an
ex post point of view. The distinction between continuous trade-offs between factors
and sets of discrete technologies also determines the analytical tools in the two
disciplines: differential calculus in economics and linear programming in the
engineering sciences and operations research.'

However, the distinction between the engineer’s and the economist’s point of
view concerns not only the dimension of time, but also the dimension of economic
space or structure, as already highlighted in the discussion of the micro and macro
views above. For the engineer, each discrete technology is there for its own reasons
as expressed in Quote 1. For the economist, all technologies and, in fact, all
possible products, are potential substitutes in the satisfaction of human wants and
needs depending only on relative prices. All markets are interconnected, as
expressed in Quote 2.

The different approaches are determined by the different guiding principles of
engineers and economists, i.e. the technical feasibility of individual options or
optimising behaviour in the light of a continuous range of options. They are brought
into focus by the modelling approaches favoured by the two disciplines. In general,
engineers favour so-called “bottom-up” models, in which the costs and the pene-
tration potential of each technology is estimated without regard to substitution
between factors or products and hence without regard for potential rebound
effects. Step-shaped supply curves are built up by moving from the cheapest
technology given externally imposed constraints to higher ones. Economists favour
so-called “top-down” models which determine supply and demand on the basis of
the same endowments and structural parameters and in which prices gear the
optimal combination of factors.

Of course, it is easy for either side to point out the weaknesses (“lack of interac-

tions”, “lack of technological realism”) in the approach favoured by the other side.
There remains, however, one fundamental difference that is independent of
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questions of illustrative “realism” (which is also a function of available resources): tra-
ditional technology models did not include a demand side or other behavioural
feedback among economic inputs and different parameters. In the case that demand
was included, it was included as an exogenously formulated constraint and not as an
endogenously determined variable. This implies that the essential property of an
economic model, market clearing at equilibrium prices, is not fulfilled.

This disregard for the demand side (and its inherent possibilities for substitu-
tion between factors, goods, or even supplier countries according to prices) can
lead in bottom-up studies to serious over-estimations of the market potential of
different technologies. However, newer generations of models and increased
co-operation between modellers from the two schools can combine the strengths
of both approaches and eliminate some of the inherent conceptual limitations.

Concerning empirical results, the discussion will restrict itself to two historical
examples which confirm the importance of prices. In an environment in which end-
use prices have essentially been stable in real terms since 1982, the relationship
between the growth rate in energy demand and GDP growth has remained by and
large unchanged. On the other hand, the price impacts on oil consumption during
the two oil shocks, when the relative prices of oil nearly doubled, have been
considerable. While the oil intensity of IEA countries was steadily rising throughout
the 1960s, it experienced a sharp turnaround in 1973 and has practically halved in
the 20 years since the second oil shock. While the initial price hike led to severe
economic disruptions, overall economic growth over the past 30 years has been
sustained even while substantially reducing oil intensity.'*

Energy vs. GDP trends increase in stability to the extent that the form of energy
under consideration is more closely related to the ultimate service required from
it, i.e. the greater the possibilities of substitution. Thus, the price of electricity has
been less affected by the two oil shocks than the price of oil or its substitutes in
power generation, coal and gas.'” Consequently, the electricity trend prevalent in
the 1960s has essentially been stable until today. Similarly, the relationship
between mobility (measured as time spent in movement) and economic output is
more stable than the relationship between output and fuel use, partly due to
increased possibilities of substitution between the latter, partly also due to the
dampening effect of the large tax component. This observation bears an important
policy lesson: relative price changes are most effective where possibilities for
substitution are highest.

VII. CONCLUSIONS
According to the preceding discussion, lowering the absolute consumption of

energy in a growing economy only through technology improvements is close to
impossible in a stable market economy unless corresponding price changes are
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introduced to keep the cost of the marginal efficiency unit of energy unchanged. Of
course, it is always conceivable that technological progress delivers forms of energy
that have no external side-effects, whether environmental or otherwise, and which
would make the achievement of energy efficiency no longer a target for policy
interventions. However, for the time being, such prospects remain speculations
rather than options.'®

If the objective of lowering absolute consumption of energy in a growing econ-
omy is taken seriously, relative price changes have to be taken into account.!” If
societies accept to employ relative prices to help achieve reductions in the energy-
output ratio, this means that markets have to be enabled to fulfil their function of
equating marginal costs and benefits. There exist many obstacles, particularly in
the energy sector, hampering the efficient functioning of markets: subsidies which
have lost all relation to verifiable public goods, high transaction costs and incentive
failures make it difficult for decision makers to reflect the true costs and benefits of
energy in their actions. Markets are complex institutions which need careful
nurturing, prudent care and time to develop. The role of governments in this area
is to remove disincentives such as obsolete subsidies, ensure that prices reflect the
full costs of production, and lower transaction costs by providing information,
establishing responsibilities and ensuring contracts.

Even with well-functioning markets, however, relative price changes alone will
impose efficiency losses on the economy and lower economic growth. This is why
energy-technology improvements are constantly required to keep the economy
growing as the real price of energy gradually rises. Two conditions are thus neces-
sary to bring about this state of affairs:

— Competitive markets have to be enabled by appropriate framework-setting
policies in order to allow price transparency, quick reactions to changing
structural conditions and the rapid diffusion of new technologies.

— Government policies to stimulate energy-technology improvements need to
be strengthened. Efforts need to be concentrated in those areas which are
least likely to crowd out private efforts and most likely to maximise positive
spillovers. This would suggest, at first sight, areas such as basic research,
co-ordination and technology diffusion.

While technological improvements alone will most likely not be able to reduce
absolute energy consumption in a growing economy, they are a source of overall
productivity improvements and economic growth. Everybody — engineers, econo-
mists, policy makers and ordinary citizens — agrees that achieving energy efficiency is
a worthwhile goal. At the same time, as energy consumers, these very same people
continue to demand more and more energy-related services or energy-intensive
goods at effectively lower prices. This takes place while — or rather because — engi-
neers and technicians are accomplishing admirable feats of technological progress.
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An energy-efficiency improvement contributes to total factor productivity and
to economic growth and is thus subject to potentially large rebound effects. Neither
engineers nor economists alone will be able to deliver the twin objectives of
reducing energy consumption and ensuring economic growth. Multiple objectives
require multiple instruments. Only by combining the expertise of all the actors can
the energy-efficiency conundrum be solved.

Coming to terms with the development of energy use in a growing economy
requires taking into account the realities of the relationship between factor produc-
tivity, output growth and factor substitution. The near-impossibility of reducing
energy use in a growing economy beyond its autonomous rate of growth at
unchanged prices, requires that price-based instruments be included in the policy
mix, both to induce more energy-efficient choices with existing technologies and to
induce new technological developments.

As is the case for technological developments, price changes will most likely
not be able to reduce the level of energy consumption in a growing economy. Price-
induced increases in technological and economic progress will only be realised by
the actions of engineers, technicians and managers. The ability of the price system
to do its work depends critically on the flexibility and the inventiveness of the
individual actors who together determine the level of output and energy use. For
truly significant results, price signals and efforts to increase the capacity for techno-
logical improvements have to complement each other.
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NOTES

1. In fact, to fulfil the Kyoto commitment, energy intensity would have to decrease faster
than the economy grows. Another formulation of the question is thus, whether it is
possible to fulfil the commitments under the Kyoto Protocol without explicitly changing
relative energy prices (e.g. through taxes or permit trading) or by raising the share of
renewable or nuclear energy in electricity supply through massive regulation.

2. Technically speaking, energy intensity refers to the share of energy in total production Q/E,
an average value. Energy efficiency refers to the marginal productivity with which energy is
used *Q/*E. The relationship between the two values is not straightforward, but depends
on the conditions under which energy is used.

3. Individual readers considering themselves to belong to one of the two groups should
not be too concerned whether they recognise themselves in the characterisations. These
characterisations are, evidently, caricatures chosen for expositional purposes.

4. The best-known expression of the economists’ conviction that many different actions
with unrelated intents and purposes will bring forward one, common, equilibrium
outcome is the picture of the “invisible hand”.

5. Both expressions have led to numerous misunderstandings in the past. In fact, they are
nothing else but creative names for the unexplained residuals when accounting for the
different influences which shape the ratio of energy to output over time. Strictly
speaking, they have no explanatory value.

6. If there are two factors energy (E) and capital (K), and MP denotes the marginal productiv-
ity, then it holds that MPE/MPK = PE/PK. This implies that MPE/PE = MPK/PK = constant.

7. The distinction between energy units (constant physical quantity) and efficiency units
(variable units needed to produce a given amount of output ceteris paribus) can also be
formulated in terms of energy and energy services. The important thing to understand
is, however, that an energy efficiency improvement changes the link between the physical
quantity and the final value.

8. This does not mean that the final equilibrium price is half the original price, as the
increasingly demanded quantities might only be forthcoming at rising supply prices.
This, however, does not change the basic logic of the argument.

9. This would require annual technical efficiency increases of the magnitude g/(1 — rb),
where g is annual GDP growth and rb is the size of the rebound effect. In the absence of
relative price changes, which would lower the rebound effect, the most promising
strategy to lower energy intensity would be to increase the productivity of factors other
than energy, such as capital and labour. This effect, in fact, is behind the inverse link
between energy intensity and per capita income. 43
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10.

11.

12.

13.

14.

15.

16.

17.

Of course, in this context active technology policies also play an important role.
However, it should be added that such breakthrough technologies are rarely foreseeable
in advance and remain subject to great uncertainties and time lags between conception
and implementation.

See also Starr and Searl (1985). The authors distinguish three major shifts in the relation-
ship between US output and electricity demand in the last hundred years.

As mentioned above, the output effect and the size of the total rebound effect also
depend on the elasticity of demand for the final product, whose price will fall even if no
substitution between factors takes place. This impact will not be further explored in
order to simplify the discussion.

These two approaches to the fungibility of factors are sometimes identified as charac-
terising factors of production either as “putty” (economists) or “clay” (engineers). See
also Richard et al. (1978).

For a more detailed discussion, see “Oil Price Changes and the Macroeconomy”, EAD
Working Paper No. 2, January 1999, p. 11.

This issue has been comprehensively analysed by the IEA before re-designing the new
World Energy Model (WEM). On the basis of several econometric tests, including stan-
dard regression analysis and Granger causality tests, it was decided to model electricity
demand separately. This is different from the previous WEM, where fossil fuel and elec-
tricity demand was modelled jointly, implying an expectation of price-induced interfuel
substitution. For an in-depth technical discussion of this issue see “New Modelling
Framework of EAD: Review and Suggestions”, EAD Working Paper No. 1, April 1997,
pp. 3-5.

The case of nuclear energy was and still is considered an option in this context, under
the conditions that it would be acceptable to public opinion at commercially viable
levels of safety and that solutions for long-term storage of waste were found.

Certain instruments are, of course, better applicable to some sectors than to others.
Private energy users, for whom energy is often only a limited share of their budget, react
differently to price changes than companies, which monitor their energy expenses
carefully.
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I. INTRODUCTION

Sustainable development implies changes in production systems in such a
way that opportunities for future generations will not be sacrificed and that the
quality of our lives will continue to improve. It is clear that economic growth is a
pre-requirement for any changes to production systems. It used to be taken for
granted that economic growth entailed parallel growth in resource consumption,
and to a certain extent, environmental degradation. However, the experience of the
last three decades indicates that economic growth and resource consumption and
environmental degradation can be decoupled to a considerable extent. The path
towards sustainable development entails accelerating this decoupling process.
This can be done by changing the nature of economic growth, i.e. transforming what
we produce and how we produce it.

Where this requires a radical transformation of products and production
systems, innovation has a crucial role to play in putting our socio-economic system
on the path towards sustainable development. In reality, it has only recently been
generally recognised that technological innovation plays such a central role. In the
past, technology was considered to be the source of the evil that destroyed the
environment, rather than improving it. However, through the introduction of envi-
ronmental regulations during the 1970s, it became clear that some environmental
pollution, such as atmospheric pollution, could be abated by the introduction of
technological innovations, e.g. desulphurisation equipment. Technology is now
seen to play a positive role in contributing to environmental sustainability.

On the other hand, it can be argued that pollution-control technologies incur
high development and operation costs for industry and tend to stifle economic
growth and competitiveness. Environmental considerations and investments by
industrial firms were seen as going against the objective of profit maximisation (and
hence efficiency optimisation of the economy as a whole) and as detrimental to
industrial competitiveness. This view tended to “lock in” the role of environmental
innovations and regulations as “necessary evils” from the economic viewpoint and
gave rise to a general perception that environmental regulation alone could halt
environmental degradation. This, in turn, tended to make the environment an area
of little interest for innovation and technology policy.

This position is increasingly being challenged. Environmental regulation can
increase industrial competitiveness and make a positive contribution to economic

OECD 1999



Stimulating Environmental Innovation

growth by stimulating innovations that not only meet regulatory requirements but
also enhance production efficiency and product performance. This view highlights
the role of innovation and technology in realising environmental sustainability at
the same time as enhancing industrial competitiveness. Recent trends in the inter-
face between environment and innovation support the key role of innovation and
technology in bringing about environmental sustainability. The first is the evolution
of regulatory regimes away from command and control, technology specification
and performance standards to integrate more economic instruments, which are a
more potent policy tool for providing incentives for environmental innovation. The
second is the parallel trend by industry to integrate improvements in environmen-
tal performance into their corporate strategy. This involves a shift in the corporate
innovative response away from end-of-pipe solutions to the integration of cleaner
and more resource-efficient processes and products.

II. ENVIRONMENTAL REGULATION AND COMPETITIVENESS

The effect of environmental regulations on competitiveness is a much debated
subject. Conventional economic thinking predicts that compliance with environ-
mental regulations incurs costs, undermining competitiveness and stifling eco-
nomic growth. Environmental amelioration has been achieved, but at a cost to the
OECD Member countries of 1-2% of their GDP (OECD, 1997a). In the ongoing
debate, the definitions of costs and competitiveness are not always unambiguous
and usually involve different dimensions. Jaffe et al. (1995) reviewed empirical
studies looking at the effects of environmental regulations on international compet-
itiveness in terms of changes in net exports of US industries (Kalt, 1988; Grossman
and Krueger, 1993; Tobey, 1990), overall trade flows (Low and Yeats, 1992) and plant
location decisions (Bartick, 1988; Levinson, 1992), and concluded that the adverse
effects of regulation were small or statistically insignificant.

This study also reviewed empirical studies on the effects of environmental
regulations on the productivity of the US industrial sector (Barbera and McConnel,
1990; Denison, 1979; Gallop and Roberts, 1983; Gray, 1987) and concluded that
there were “modest adverse impacts of environmental regulation”. This conclusion
coincides with another study which concluded that “in the past studies have
identified few impacts of environmental policies on competitiveness and interna-
tional investment at the macroeconomic level” (OECD, 1993).

As pointed out in Jaffe et al. (1995), these analyses assume that regulations
increase production costs, reducing productivity and investments and leading to
negative economic growth effects. However, there has emerged another line of
argument that contends that, on the contrary, regulations in fact reduce production
costs and can stimulate growth and competitiveness. This argument has been
advanced mainly by Porter and van der Linde (Porter, 1991; Porter and
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van der Linde, 1995), and has come to be known as the “Porter hypothesis”. In its
original conceptualisation, the link was mainly between strict national environmen-
tal regulations and the international competitiveness of the regulated industries
compared to those in countries under less strict regulations (Porter, 1990, 1991), but
the later formulations imply competitiveness also at the firm level.

Porter and van der Linde argue that the environment-competitiveness debate
involving a trade-off between social benefits and private (industry) costs has been
“framed incorrectly”. In their view, the negative relationship between regulation
and competitiveness stems from a static view of regulation and technology. The
reality is that regulation and technology change constantly and industrial competi-
tiveness depends on “the capacity for innovation and improvement”. They further
argue that “properly designed environmental standards can trigger innovation that
may partially or more than fully offset the costs of complying with them”. Such
“innovation offsets” can even lead to absolute advantages over firms in foreign
countries that are not subject to similar regulations.

According to Porter and van der Linde, the mechanism that links environmen-
tal regulation and industrial competitiveness is roughly as follows. Environmental
regulations signal companies about resource inefficiencies in the processes they
use and the products they produce; also, they point to potential technological
improvements to overcome these resource inefficiencies. The signal generates a
learning process in firms which leads to technological improvements to meet regu-
lations. These “innovation offsets” have other resource efficiency enhancing effects
(product quality improvement, energy efficiency enhancement, reduced wastes,
etc.), and as a result their competitiveness is enhanced. The authors stress that this
competitiveness-enhancing process spurred by environmental regulations is a
dynamic one in which firms initially make sub-optimal choices, after which time
successful firms dynamically change their innovative response and continue to
improve their competitive position. Numerous examples of such “innovation
offsets” are cited.

This and similar approaches to analysing the regulation/competitiveness rela-
tionship (e.g. Barbera and McConnel, 1990; Meyer, 1992) have been criticised by
Jaffe et al. on the grounds that the approach “remains one with a high ration of
speculation and anecdote to systematic evidence”. Porter and van der Linde, on
the other hand, stress the constant failure of an economics approach to find
convincing evidence of the negative effects of environmental regulations on
competitiveness and economic growth. In any case, as Jaffe et al. point out, it seems
that “systematic empirical analysis of the Porter hypothesis is only beginning”, and
it is for future research to provide further and more systematic evidence.

The positive view of the regulation/competitiveness relationship does not say
that environmental regulations do not incur costs. They do, but this view asserts
that the dynamic innovative response that regulations generate, in the long run,
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raises the efficiency of a firm’s production to the extent that the cost is offset by the
competitiveness that such innovations bestow on the firm. This is closely related to
the innovation economics view which attaches importance to the role of innovation
in economic growth. Some studies indicate evidence that environmental regula-
tions do spur innovative activities. A study correlating the relationship between
environmental expenditures, on one hand, and patenting in environmental tech-
nologies, on the other, has found that in the United States, Germany and Japan,
environmental expenditures (in response to environmental regulations or compli-
ance costs) have spurred increased patenting in environmental technologies
(Lanjouw and Mody, 1996). Another study has found that increases in compliance
expenditures within an industry in the United States are followed by associated
increases in R&ED (Jaffe and Palmer, 1996). However, the question of whether
regulation-inspired RED leads to lower costs of production or new and improved
products in the future remains unanswered. The study also points to the difficulty
of establishing a causal relationship because of the unavailability of disaggregated
data, and suggests that focused industry studies could overcome this obstacle and
contribute to a better understanding of the regulation-innovation interface.

III. INNOVATION AND COMPETITIVENESS

The positive association between regulatory pressures, on the one hand, and
industrial RED investments and patenting activities, on the other, imply that
innovation constitutes an important part of the industrial response to regulations.
This qualification makes the environmental regulation and competitiveness issue
basically a sub-set of a more general innovation and competitiveness issue. Here,
innovation economics over the past few decades has argued for the positive role of
innovation in enhancing competitiveness.

One thing that needs to be stressed and which has been made clear in innova-
tion studies, is that any innovation incurs cost, and sometimes this can be high. This
is the major counter argument to the Porter hypothesis that comes not only from
economists but also from other management researchers. Walley and Whitehead
(1994) criticise the easy “win-win” rhetoric of the Porter hypothesis by pointing to
the fact that regulatory compliance is costly, especially in the traditional “dirty”
industries such as petroleum, chemicals, and pulp and paper. In making this point,
they do not revert to defending the adversarial corporate attitude to environmental
regulations. They argue that the real issue for corporate management strategy is in
enhancing the efficiency and effectiveness of corporate environmental spending,
rather than searching for win-win solutions, which they argue are rare. For compa-
nies, the choice is between environmental benefit and shareholder value, rather than
against regulatory compliance costs. In order to design sound corporate
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environmental strategy, a firm needs to know its environmental spending and
resultant benefits, i.e. environmental accounting, to design an approach that
ensures maximum environmental benefit at minimum cost which, in turn, would
require a systematic, integrated and flexible approach.

Whether optimistic or pessimistic about the ease and benefits of promoting
corporate environmentalism, both views clearly give innovation a central role in
improving the environmental performance of industries. Whether a net cost is
involved or not, it is through the innovative response that corporate environmental
performance can be improved and, using appropriate corporate strategies, this can
be done in such a way that corporate value is preserved or enhanced, leading in
some cases to strengthened competitiveness. It may be noted here that some
scholars in innovation studies uphold the view that the pursuit of environmental
sustainability could become a pervasive trend that involves a deflection in the
existing technological trajectory. Hence, in the long run, environmental innovations
could play the central role in a new upswing of a long wave of economic growth in
the manner that information technology and biotechnology are at the core of the
present upswing (Freeman and Soete, 1997).

IV. THE CORPORATE ROLE

Whether corporate environmentalism leads to gaining an easy competitive
edge or implies subtle trade-offs between environmental performance and corpo-
rate value, scholars (Howes et al., 1997; Fischer and Schot, 1993) have observed that
corporate environmental strategy has definitely changed from a defensive, reactive
attitude to a proactive and positive approach over the last three decades. This
change in business attitude took place in the mid-1980s. The phase prior to this was
characterised by “resistant adaptation” (Fischer and Schot, 1993) of industrial firms
which were generally reluctant to internalise environmental issues.

Firms did little more than comply in a minimal fashion to environmental
regulations, and often fought against tighter regulations. During the 1980s, this
reactive corporate attitude shifted to a more proactive and positive attitude to
enhancing environmental performance. With regulation becoming based less on
the adoption of specific technologies and more on ultimate environmental perfor-
mance, firms could formulate their own strategies to meet such standards. Environ-
mental issues have now become part of corporate strategies and firms can manage
environmental issues in a more proactive manner. Most larger companies have
adopted formal environmental policy statements, corporate environmental
strategies and environmental management systems. Environment has begun to be
internalised in corporate culture.
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The transformation in corporate attitude to the environment is manifest in the
“Declaration of the Business Council for Sustainable Development” contained in the
aptly titled book, Changing Course (Schmidheiny, 1992), prepared to express the posi-
tion of the Business Council for Sustainable Development at the Rio Earth Summit.
The Declaration makes a clear commitment of the business sector to sustainable
development, with an understanding that economic growth is basic to achieving it
and that new technologies are needed to permit growth while enhancing resource
efficiency. It declares that “progress toward sustainable development makes good
business sense because it can create competitive advantages and new opportuni-
ties” but that at the same time it requires “far-reaching shifts in corporate attitudes
and new ways of doing business”. Furthermore, the Declaration calls for “new forms
of co-operation between government, business and society” to reform markets, and
calls for the promotion of eco-efficiency through pollution prevention, use of cleaner
technologies and business partnerships to diffuse appropriate technologies.

This change in corporate attitude coincides with a parallel shift in industrial
innovative response from the predominance of end-of-pipe technologies to
cleaner processes and products. Shifts to cleaner processes and products are
synonymous with pollution prevention, pollution source reduction, or process
changes as they are sometimes termed. Cleaner technologies can generate
environmental benefits and are often cost-saving from the corporate viewpoint.
This shift is probably behind the rise of the win-win or double-dividend argument
based on the positive correlation between environmental benefits and enhance-
ment of competitiveness. Some studies give some statistical evidence of the shift
to cleaner technologies. Lanjouw and Mody (1996) show the distribution of pollu-
tion abatement expenditure in the fields of air and water in the US manufacturing
sector which indicate a growing share of “change in process” and decreasing share
of “end-of-pipe” throughout the 1980s.

Although cleaner technology is attractive in concept, Howes et al. (1997)
cautiously point out that in reality few companies use it consciously as a practical
principle or tool to make corporate decisions. Cleaner technology is an abstract
concept which means different things in different contexts. It includes a range of
innovations, ranging from simple compliance investments and incremental cost-
saving investments to more fundamental process and product innovations. Few
companies consciously use the concept of clean technology to shape their strate-
gies or their investment decisions, but rather they aspire to more efficient process
technologies, which once adopted generally confer environmental benefits. In the
long run, this could lead to reduced compliance investments and give a company
more control over the environmental agenda. Cleaner technology is not a criterion
for practical technology choice, but rather an element of broader corporate strategy
which can refocus it at a higher level “in such a way as to build environmental
criteria into decision making and the technology development process”.
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It is likely that the environment does not provide priority grounds for adopting
cleaner technologies, but rather it is the cost savings associated with improved
resource efficiency that provide the major motivation. This can be seen in the
Japanese industrial response to the oil shocks of the 1970s, where the petroleum
price increase in the overwhelmingly petroleum-dependent Japanese economy
provided a powerful incentive for energy conservation efforts in the dirty mature
sectors. The result was not only enhanced energy efficiency, but also enormously
improved environmental performance and perhaps increased international
competitiveness in many of these sectors in the 1980s (Fukasaku, 1995).

The shifting corporate environmental response over the last three decades
and the resulting shift in innovative response from more end-of-pipe to cleaner
solutions, reflect the increasing diversity that corporate management faces in
making decisions to increase efficiency of corporate operations. Environmental
regulations with their greater flexibility present opportunities rather than constraints
for innovation and increasing competitiveness. Increasing diversity implies that it
is a complex and difficult task to make appropriate decisions to optimise the
efficiency of corporate operations. It is argued that such a diverse and complex set
of opportunities “creates a managerial incentive structure that pervades all
dimensions”.

Galarotti (1995) enumerates the many dimensions of this incentive structure,
from supply-side management, demand-side considerations, interdependencies
in production and distribution to financial incentives. Supply-side management
points to the need to take an integrated approach in enhancing eco-efficiency
through implementing technological and organisational innovations, including
inter-firm networking and co-operation. Demand considerations point to exploiting
market opportunities presented by the growing demand for differentiated environ-
mental products, and the need to meet requirements of the “green” supply chain
through green procurement. Increasingly, “green” investors oblige firms to improve
their environmental performance in order to add value to their stocks and improve
access to credit. Thus the “greener” environment surrounding corporate operations
is deliberately creating complex, but rewarding, opportunities and incentives to
change corporate strategy.

V. INNOVATION AND ECONOMIC INSTRUMENTS

As corporate response to environmental issues has evolved over the last three
decades, so has public policy in environmental regulation. The change here is
generally characterised by a shift from regulatory regimes based on simple
command-and-control type regulation or those based on technology specification
to those that make greater use of market-based instruments. The change has been
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in the direction of putting in place a better incentive structure for improving
environmental performance in the industrial sector, and integrating more flexibility
in complying with regulations.

It is interesting to note that both the environmental economics approach and
the business management approach argue that regulations are not equal in the
effects they have. Jaffe et al. (1995) point out that environmental regulations are not
equal in terms of their costs or their benefits. The so-called market-based or
economic-incentive regulations, such as those based on tradeable permits or
pollution charges, will tend to be more cost-effective than command-and-control
type regulations. Hahn and Stavins (1992) assert that economic instruments are
cheaper than imposing fixed technological or performance standards. This is
because under a market-based regulatory regime, firms are likely to abate up to the
point they find it profitable, with the firms that find it cheapest to reduce their
levels of pollution cleaning up the most. They provide ongoing incentives for firms
to adopt new and better technologies and processes because under these systems,
it always pays to clean up more if a sufficiently cheap way of doing so can be
identified and adopted.

Porter and van der Linde (1995) contend that regulations need to be “properly
crafted” to generate innovative responses and to enhance competitiveness. Such
“properly crafted” regulations would be based on creating the maximum opportu-
nity for innovation in which the industry — not the regulator — can choose the
approach. Also, regulations should be designed to stimulate continuous improve-
ment, rather than locking in any particular technology. In concrete terms, such
regulations point to economic instruments such as pollution taxes, deposit refund
schemes and tradeable permits. A study examining the innovation effects of
various environmental policy tools, concludes that some tools can stifle innovation
and in general they differ in the kinds of innovation induced (OECD, 1999a).

Howes et al. (1997) summarise the advantages of economic instruments over
standards as follows. First, in the short term, they can provide a given level of
environmental improvement at a lower cost to society than is achievable through
the introduction of standards, by allowing industry the flexibility to use the
technology they judge to be most efficient and appropriate for their circumstances.
Second, in the long run, they can provide incentives for continual improvements
beyond those demanded by fixed standards. This could encourage innovation by
encouraging polluters to change to cleaner technologies, and to develop new
technologies since it pays to clean up more.

The introduction of market instruments results from the realisation of the
inadequacy of more traditional regulatory approaches, mainly the command-and-
control type approach based on technology specification. The main benefits of
economic instruments are their potential for stimulating more cost-saving approaches
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by allowing flexibility in the innovative response and the ability to create incentives for
continued innovation to enhance eco-efficiency. Also, with some instruments such
as charges and taxes, revenues can be raised that can be channelled for other policy
purposes. This approach clearly attaches central importance to the dynamics of
industrial innovation in promoting environmental sustainability.

Economic instruments have been applied in a number of contexts in OECD
Member countries over the past few decades. Examples are water effluent charging
in the Netherlands, Germany and France, the NO, charge in Sweden, and the water
effluent and sulphur emissions trading in the United States. However, despite their
obvious theoretical advantages, evidence concerning their performance and effects
is limited, especially about their effects on technological change. One clear
problem is the lack of data; however, a further major difficulty in evaluating
economic instruments is that they are not applied independently, but often used
as complements to more traditional regulatory regimes. Hence, there is difficulty in
separating out their effects (OECD, 1997b).

Also, in real experience, their innovation effects seem to have remained mild
because they were not set at high levels or used extensively (OECD, 1999a). Howes
et al. (1997) point out that, in Europe, successful application of market instruments
has been limited to the Nordic countries. In other cases, the introduction of regula-
tory regimes based on market instruments has been impeded by opposition from
industries or disagreement about appropriate levels of taxes or charges, for
example in the case of the failure to institute an EU-wide carbon/energy tax and a
system of tradeable sulphur quotas.

The real-life difficulty of instituting a regulatory regime based on market instru-
ments illustrates the bottlenecks in the path towards sustainable development.
Theoretically effective instruments clearly face conflicts in arriving at an acceptable
design in practice. Howes et al. (1997) observe that the process of negotiating a
market-based instrument can be as tortuous as negotiating a traditional regulatory
instrument, since a greater number of actors are involved and often the industry is
nervous about ceding more revenue-raising powers to government through
taxation. Tradeable permits can set companies against each other, whereas with
traditional regulation companies have a common cause against government.
Although there is considerable consensus that market-based instruments, in
principle, offer a constructive way forward, they raise problems of equity and new
procedural problems concerning their negotiation.

VI. INNOVATION FOR SPECIFIC ENVIRONMENTAL PROBLEMS

The foregoing discussion focused on the changes in the policy and corporate
responses to environmental problems over the last three decades. What also
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changed during this period is the kind of environmental issues that came on the
policy agenda, which in effect reflects the change in our perception of environmen-
tal problems. The change involves several dimensions. First is the shift in focus
from local pollution problems to regional and global environmental problems. The
change implied a shift away from problems with relatively straightforward solutions,
such as reducing atmospheric emissions to improve local air quality, towards more
unfamiliar, complex and diffuse issues, such as climate change.

The environmental issues that are now receiving increased policy attention are
relatively less associated with production processes and more with consumption
and post-consumption (Howes et al., 1997). Dealing with climate change is as much
a problem for consumers as for producers, as are such problems as waste reduction
or more sustainable transport technology and systems. This shift in policy focus has
developed in tandem with a growing perception that managing the flow of materials
through the economic system — closing the materials loop — is the key to making
society more sustainable. This trend is reflected in the penetration of notions such
as resource or eco-efficiency and zero emissions. This, in turn, reflects a trend to
identify common technological issues underlying environmental problems,
whether global, regional or local, and focuses attention on feasible technological
solutions.

This change in the perception of the environmental challenge clearly focuses
policy and corporate response on innovation and technology. Issues such as waste
reduction call for innovative organisational solutions. Systemic innovation is indispens-
able in devising sustainable transport systems. New, creative approaches to
managing the material flow in production will require an interdisciplinary approach in
searching for solutions. Even if the underlying problems are common and technical
in nature, the approach to global-scale environmental issues such as climate
change will require international co-operation.

The corporate response to environmental issues has evolved considerably
over the past three decades. The reactive, adversarial attitude to environmental
regulations and reluctant compliance through end-of-pipe solutions has given way
to more proactive internalisation of environmental considerations in corporate
operations through the adoption of strategies based on cleaner approaches to
industrial production. In many companies, environment units have been estab-
lished, corporate environmental statements drafted and internal environmental
management systems developed. Some large firms are advancing in this direction
and are ambitious enough to aspire to the title of “sustainable enterprise”.

However, this evolution to a proactive corporate response has been neither
simple nor straightforward. The introduction of new or more stringent regulations
still tends to be met with resistance. The acceptance of the notion of the positive
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correlation between compliance with strict regulations and enhanced industrial
competitiveness — the win-win or double-dividend argument — has gained ground,
but not much ground. In general, larger corporations have been more responsive in
developing positive environmental strategies while many small and medium-sized
enterprises (SMEs) have experienced difficulty in moving beyond minimum
compliance. Even many larger corporations have been slow to develop positive
strategies to address the global climate change issue through a radical reduction of
greenhouse gas emissions. Corporate resistance is still apparent in many cases.

The truth seems to be that the win-win situation prevails only in certain cases.
Reducing environmental impacts through innovation results in production cost
reductions and efficiency enhancement for corporate operations only for certain
environmental problems during that phase of industrial development in which such
opportunities are not yet exploited. According to Howes et al. (1997), corporate
response to regulatory initiatives in developing positive environmental strategies
has varied considerably in accordance with the environmental problem consid-
ered. Among the environmental problems for which they examined corporate
responses in the United Kingdom, issues including CFC phase-out and contami-
nated land met with a positive response. On the contrary, corporate responses have
not been positive on issues such as the reduction of greenhouse gases to meet
climate change. In some cases, the environmental issue itself presents trade-offs.
Air quality and transport is a case in point. Although innovations in vehicle technol-
ogy over the last few decades have reduced emissions from individual vehicles, the
increase in traffic has offset the supposed improvement in air quality. In addition to
vehicle technology, any further response will need to address the transport system
as a whole .

Environmental issues for which the solutions lie in the reduction of wastes or
improved production efficiency through resource saving, present real win-win
situations. Waste reduction in general and the reduction of certain toxic substances
and energy conservation belong to this category. The positive corporate responses
in fact pertained to these issues (e.g.the chemical industry’s Responsible Care
programme), which will constitute the main current of corporate strategies in the
near future. The popularity of the win-win argument in this decade reflects the fact
that many firms have not yet identified and exploited the opportunities to enhance
resource efficiency and reduce wastes in their operations. It may be noted, though,
that win-win situations are limited and existing win-win opportunities are likely to
be depleted sometime in the future. Even the proponents of the double-dividend
argument clearly note that we are in that phase of industrial development in which
such opportunities still abound (Porter and van der Linde, 1995). In order to exploit
win-win situations to the maximum, companies need to know the exact cost and
benefits of their environmental spending. This calls for the development and
diffusion of improved environmental accounting methods.
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In the current state of the art, as Howes et al. argue, it would be foolish to ignore
the possibility of win-win situations, but it would be equally foolish to rely on them
to create a more sustainable industrial sector. The possibility of the eventual
depletion of such opportunities is likely to call for another shift in the long range in
corporate as well as public policy strategy towards innovation and environmental
sustainability. It is not easy to foresee what that change will be, but it is likely that
with the emergence of newer technologies — information and communication
technology, biotechnology, advanced materials and micro-scale technologies — for
industry, there is little doubt that innovation will continue to play an important role.

The policy evolution in environmental regulations is characterised by
increasing diversity. Technology specification based command-and-control type
regulation is giving way to a more integrated approach involving increased use of
economic instruments. Here again, as with the corporate response, the optimum
policy response differs according to the environmental issue and according to the
industrial sector. The basic issue facing public policy, as put forward by
Schmidheiny (1992), is in “getting the prices right”, that is, in achieving appropriate
pricing of resources to reflect the environmental cost of their use. This is the only
way to internalise environmental costs. Such a pricing structure will need to be one
that can induce changes in the behaviour of consumers. This will be achieved
mainly by designing suitable regulations that lead to appropriate pricing of
resources through the use of economic instruments.

As discussed above, corporate decision making is rarely based on purely
environmental considerations, or on the selection of cleaner technologies for their
own sake, but involves larger efficiency considerations. In this context, in order to
achieve environmental goals, public policy needs to be translated into an appropri-
ate incentive structure for environmental innovations at the firm level. Incentives are
a key element in public policy. Building incentives is one way to encourage industry
to internalise environmental issues. Even for win-win situations, there is plenty of
anecdotal evidence that companies only take action when there is public policy inter-
vention. In the long range, developing innovative participatory approaches will also
be important, with more environmental issues arising at the consumption phase.

The immediate policy challenge consists in the implementation of those
policies that could correct market and systemic failures. Correction of market failure
rests on designing appropriate regulatory regimes. A characteristic of environmen-
tal innovations as compared to other technological innovations is that they are
normally induced by regulations. Regulations serve as “focusing devices”
(Rosenberg, 1976) for environmental innovations. The fundamental role of environ-
mental regulations in the near future is to correct the price signals which currently
stifle environmental innovations. Such regulations need to induce firms to exploit
win-win opportunities to the maximum. Where the environmental benefit involves
a net cost, regulations need to succeed in putting in place an appropriate incentive
structure for companies to pursue an effective environmental strategy.
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Current policy instruments include environmental certification, labelling and
“green” procurement. Recently, “greening” is extending into investment behaviour.
Policy instruments also involve the use of traditional regulatory instruments as well
as market-based instruments and need to be flexible to induce flexible responses.
Also, regulatory regimes that stimulate participatory approaches (both inter-firm
and public and private) to policy design and implementation are needed in the
near future to address consumption-related environmental issues. Better regula-
tory co-ordination and coherence across different policy areas is an important
consideration as is international co-ordination of regulatory regimes.

To correct systemic failures, policy designs need to address the increasingly
complex, interdisciplinary and global nature of the current environmental chal-
lenge. This can be done by designing approaches that encourage co-operation
across sectors. It would involve the government, universities and industry in
research and development and technology diffusion. In general, environmental
innovations often fall victim to systemic failure because of the complexity and the
interdisciplinary nature of the problems to be addressed. The newer approaches to
innovation currently on the agenda of technology policy makers, such as networking
and clustering, are effective in addressing systemic failures in environmental
innovation. Voluntary agreements are emerging as a policy alternative for those
problems which present complex organisational challenges since they allow indus-
try the maximum opportunity to structure solutions (Howes et al., 1997). Partnership
approaches are proving to be effective in inducing more suitable research and
development efforts in developing and diffusing environmental technologies
(OECD, 1999a).

VII. CONCLUSIONS

The initial preoccupation with end-of-pipe solutions led to the birth and
growth of the environmental goods and services industry. An important challenge is
to re-orient the sector as it exists today. For example, polluter industries no longer
need large-scale desulphurisation equipment, but rather require new-generation
production technologies fitted with sophisticated sensors and control equipment
based on advanced information technology or with advanced processes involving
biotechnology, advanced materials or micro-scale technology. This, in turn, implies
a restructuring of the environmental goods and services sector as it has grown to
date. It is conceivable that in addition to large engineering firms, the new sector
would include specialised suppliers, including SMEs serving niche segments, in
advanced information technology, biotechnology and other advanced techniques
developed for environmental purposes. In this industrial context, closer
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supplier-client relationships are vital in developing relevant technology, and it is
likely that innovative industrial clusters can arise. It is obvious that the environ-
mental goods and services sector of tomorrow will be more research-based.

How do we move forwards as the win-win opportunities are eroded in the long
range? What do we do in the face of increasingly unfamiliar environmental
challenges like climate change and food security? How do we pursue technological
dynamism? A useful policy tool to address these questions is technology foresight.
Insights gained from recent foresight exercises in OECD countries indicate that in
the medium to long term, environmental issues can be addressed through the use
of emergent technologies for environmental applications. These technologies
range from information technology, biotechnology and advanced materials to nano-
and micro-scale technologies. The application areas range from agriculture, water
treatment, waste and hazardous substance treatment and management, vehicle
technology, construction, cleaner industrial processes and energy to monitoring
global environmental changes. However, experts express profound uncertainty as
to the prospects for realisation of such technologies through market demand
(OECD, 1999b). Technology foresight can be designed so that demand and supply
of environmental technologies are realistically matched.

Finally, a word about the view that environmental innovations may constitute
a shift to a new technological trajectory or regime in the context of the long cycles
mentioned earlier (Kemp, 1994; Freeman and Soete, 1997). The trend towards the
internalisation of environmental considerations in corporate strategies and invest-
ment behaviour as well as of environmental costs in the economic system with
accompanying effects on consumption behaviour, imply that the economic and
social value system underpinning the current trajectory is changing. The sustain-
able development imperative is exerting a force to change the dominant techno-
logical paradigm and to shift the existing technological trajectories. Would this
constitute a new upswing in the long cycles? The internalisation of environmental
sustainability in the economic system will probably not constitute a new upswing
separate from the ongoing one based on new technology, but could serve to
reinforce it. The realisation of this depends very much on the implementation of
appropriate and effective government environment and innovation policies.
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I. INTRODUCTION

Since the beginning of 1999, biotechnology, and particularly the techniques of
genetic modification, have become issues of worldwide concern and debate. In
many OECD countries, governments are discussing these issues at cabinet level.
Newspaper headlines speak of national and international conflicts, of impending
trade wars, of growing public anxiety about the safety of genetically modified foods
and crops, of protests by hostile non-governmental organisations. This is the
context in which the G8 Heads of Government meeting in Cologne in June 1999,
asked the OECD to “undertake a study of the implications of biotechnology and
other aspects of food safety” and to submit its findings to their next summit meeting
in 2000.

The focus of public interest is on food safety and genetic modification. In the
current debate, it is sometimes forgotten that the applications of biotechnology go
far beyond food and affect human health care, the environment and sustainable
development in major ways.

The potential of biotechnology to contribute to sustainable development is
vast and diverse. Biotechnology helps to remediate air, soil and water pollution, to
modify animal and plant breeding as well as food production and to diversify
energy sources. It is now beginning to penetrate industrial manufacturing
technologies.

The prospect of radical changes in agro-food technologies has emerged as the
most controversial aspect of biotechnology. While this is not the place to discuss
the underlying reasons, it should be noted that the controversy is also reflected in
different, conflicting notions of “sustainability”.

In the view of many scientists and food companies, biotechnology, particularly
gene technology, is making agro-food production more “sustainable”. It increases
productivity and output while decreasing inputs of agro-chemicals, for example,
which are a major environmental burden. In contrast, opponents of modern
agro-food biotechnology fear the suspected negative side-effects of genetically
modified organisms on health, on the environment, on traditional social structures,
or on trade and employment. In their eyes, this new technology is not yet
“sustainable”.
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The main advantage of industrial over agricultural biotechnology is that its
definition is clearer and its contribution to sustainable development is easier to
measure and quantify in the industrial manufacturing process. While it still has to
cross many scientific, technological, economic and regulatory hurdles, its contribu-
tion is not disputed and has not given rise to public controversy.

Industrial biotechnology replaces traditional catalysts and transformation
processes — many of them very polluting — by newer, environmentally friendly ones.
These are based on living organisms or parts thereof: biocatalysts and enzymes.
Industrial biotechnology aims at reducing production inputs, such as raw materials
and energy, and at eliminating or at least reducing waste generation.

This article shows that genetic modification is an essential and extremely
powerful tool for developing new and better biocatalysts (through recombinant
DNA technology). It also shows that the food industry is a sector where biocatalysis
is being introduced for the sake of cleaner (and sometimes cheaper) production.
This has not led to public hostility, in part because the general public is little aware
of manufacturing processes inside industry, but also because the goal of cleaner
industrial production is very popular among all stakeholders, including consumers.
In addition to the environmental benefits, incorporation of industrial biotechnology
into manufacturing processes will enhance the economic competitiveness of
companies and industrial sectors. This is why more and more industries are paying
attention to these technologies.

Industrial biotechnology could be a success story, not only from an economic
and technological perspective, but also in terms of public attitudes towards the
new technology. Will this influence the debate about other applications of
biotechnology? Will it help to reduce public apprehensions about the impacts of
the technology? Only time will tell.

II. BIOTECHNOLOGY FOR INDUSTRIAL SUSTAINABILITY

The dilemma of sustainability

Human activities — industrialisation, urbanisation, agriculture, fishing, forestry
and mineral extraction — have profound impacts on the world’s environment and on
environmental sustainability. There is growing awareness that resource manage-
ment — nationally, regionally and globally — needs to be improved and the amounts
of wastes and pollution reduced. All signatory countries to the Rio Declaration on
Sustainable Development agreed to reduce, and if possible eliminate, unsustain-
able patterns of production and consumption.

What sustainability and sustainable development mean is rather elusive: The
World Commission on Environment and Development has defined sustainable
development as: “strategies and actions that have the objective of meeting the
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needs and aspirations of the present without compromising the ability to meet
those of the future”. The difficulty with such a broad definition is that it lacks
operational guidance for those who wish to achieve this goal. Consequently, it is
necessary to address questions such as:

— Which current activities are consistent with sustainable development?
— What policies are required to achieve sustainable development?
— What contribution can science, and particularly biotechnology, make?

To industry, sustainable development means continuous innovation, improve-
ment and use of “clean” technologies to make fundamental changes in pollution
levels and resource consumption. Because all stages of a product’s or process’s life
cycle may affect the environment, design principles that consider all stages of a
product, from selection of raw materials to improvement of recovery during waste
management, must be employed to reduce environmental impact. An environmen-
tally friendly process would, in principle, consume little energy and non-renewable
raw materials (especially fossil fuels) and reduce or eliminate waste (including
material and energy recycling and energy use).

In the 1960s and 1970s, concern over the environment centred primarily on
issues such as point-of-source pollution, dissemination of pesticides, air pollution
in certain cities, and oil pollution at sea. Biotechnological options were considered
for waste treatment, and commercial applications were used both for end-of-pipe
disposal and bioremediation. A major change in approach has taken place since the
late 1980s; the emphasis is no longer on removal of pollutants from an already
damaged environment but on the need to reshape industrial process technologies
to prevent pollution at the source. Technologies for waste minimisation or
prevention have gradually emerged, and the challenge for biotechnology has been
to provide tools appropriate for industrial sustainability. Recycling of materials,
minimisation of energy use, retrofitting of existing industrial processes to alleviate
pollution, and applications of innovative science have provided routes to clean or
cleaner technology.

Industrial biotechnology, which uses biological systems such as whole organisms
and biological catalysts (enzymes) to produce goods and services, has come of age.
Micro-organisms have been used to “manufacture” foodstuffs since prehistoric times,
industrial fermentation dates from the last century and the biological production of
antibiotics, for example, began in the second quarter of this century. Modern biotech-
nology expands these opportunities by building on recent gains in our understanding
of genetics and the relationships between biological structure and function.
Unlike the earlier, traditional biotechnology, modern biotechnology makes use of
recombinant DNA technology, otherwise known as genetic engineering. However,
biotechnology is broader than genetic engineering; it draws heavily on process
technology, chemistry and classical engineering.
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Biotechnology is already playing an important role in a growing number of indus-
trial sectors because of its clear environmental advantages and it