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II NDUSTRIAL ECOLOGY? A surprising, intriguing expression that
immediately draws our attention. The spontaneous reaction is that “industrial
ecology” is a seeming contradiction in terms, the general perception being

that industries cause ecological damage.

We are used to considering the industrial system as isolated from the natural
ecological system or biosphere, with factories and cities on one side and nature on
the other, the problem being perceived as one of minimizing the impact of the
industrial system on what is “outside” of it: its surroundings, the “environment”.
Since long, studies by ecologists have focused on the consequences of the various
forms of pollution on nature. As early as the 1950s, strategies were conceived in
order to diminish the impact of pollution, which essentially consisted in building
filters to ensure that the waste from industries did not “leak” into the environment.
This is illustrated in the classical end-of-pipe approach for the treatment of
pollution, which has proved to be quite useful, but not entirely adequate in the
long run.

Analysis showed that better strategies were required because, the process of
building filters was only often just transferring the pollutant from one medium to
another (for example, from water to land). Secondly, the process of building filters
was not very economical as there was no savings accruing from the process. This
approach did not also pay adequate attention to the issue of resources. Considering
the increasing population, the rising aspirations of the people and the earth’s
limited resources, the issue of a more efficient use of resources certainly needed
to be addressed.

Cleaner Production, Pollution Prevention and Eco-Efficiency strategies were then
evolved, which looked at possible changes in the process or parts of the process,
to minimize waste. With this, the economies of production were very often better
as lower waste meant better material utilization. By addressing the issues in a
preventive way, they represent definitely an important progress. However, today,
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these strategies remain mainly targeted towards specific manufacturing processes
and business strategies within individual companies.

But in all these perspectives, the industrial system was not fully seen as part of
the biosphere. A broader view was needed. One needed to think of going even
further, and try to apply strategies like Cleaner Production at the level of a cluster
of companies, or at the level of an industrial zone, or even for a whole region—in
other words, to apply Cleaner Production and similar approaches at the level of a
system. This idea stems from the recognition that substantial additional gains,
both economical and environmental, can be achieved by addressing issues at the
level of a system (a cluster of companies, an industrial zone, a region, etc.), as
compared to individual and isolated approaches.

Industrial Ecology explores the assumption that industrial activities should not be
considered in isolation from the wider world but rather in terms of an industrial
ecosystem functioning within the natural ecological system or biosphere. The
industrial system, in a similar way to a natural ecosystem, essentially consists of
flows of materials, energy and information, and furthermore relies on resources
and services provided by the biosphere. It is important to stress at the outset that
the word industrial, in the context of Industrial Ecology, refers to all human
activities occurring within the modern technological society. Thus tourism,
housing, medical services, transportation and agriculture are all a part of the
industrial system. And the word ecology, here, refers to the science of ecosystems.

Industrial Ecology can also be seen as a practical approach to sustainability. It is
an attempt to address the question: How can the concept of sustainable
development be made operational in an economically feasible way?

1.11.11.11.11.1 Industrial Ecology in a NutshellIndustrial Ecology in a NutshellIndustrial Ecology in a NutshellIndustrial Ecology in a NutshellIndustrial Ecology in a Nutshell
So far, there is no standard definition of Industrial Ecology. Whatever the definitions
may be, all authors more or less agree on at least three key elements of the
Industrial Ecology perspective:
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Industrial Ecology does not address just issues of pollution and environment, but
considers as equally important, technologies, process economics, interrelationships
of businesses, financing, overall government policy and the entire spectrum of
issues that are involved in a socioeconomic system.

Two terms are often used while talking about Industrial Ecology. These are
Industrial Ecology and Industrial Metabolism and it may be useful to clarify what
we mean by these expressions.

Industrial Metabolism is the whole of materials and energy flows through an
industrial system. It is studied through an essentially analytical and descriptive
approach, mainly Material Flow Analysis (MFA), based on the principle of
conservation of mass. MFA is aimed at understanding the circulation of the
materials linked to human activity, from their initial extraction to their inevitable
reintegration, sooner or later, into the overall biogeochemical cycles. The expression
metabolism of economic activities (or sometimes socio-industrial metabolism) is
also in use and can be considered as synonymous.

Industrial Ecology goes further: the idea is first, on the basis of industrial
metabolism, to understand how the industrial system works, how it is regulated,
and how it interacts with the biosphere; then, on the basis of our scientific
understanding of ecosystems, we try to determine how the industrial system could
be restructured to make it compatible with the way natural ecosystems function.
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1.21.21.21.21.2 Industrial Ecology: A Brief HistoryIndustrial Ecology: A Brief HistoryIndustrial Ecology: A Brief HistoryIndustrial Ecology: A Brief HistoryIndustrial Ecology: A Brief History
There is little doubt that the concept of Industrial Ecology existed well before the
expression, which began to appear sporadically in the literature of the 1970s. In
fact, and not surprisingly, specialists of scientific ecology had all along the intuition
of the industrial system as a subsystem of the biosphere. But this line of thought
had never been actively investigated. The concepts of Industrial Ecology have
been discussed on and off from the 1960s.

The expression re-emerged in the early 1990s, at first, among a number of industrial
engineers connected with the National Academy of Engineering in the USA. Every
September, the popular scientific monthly Scientific American publishes an issue
on a single topic. The September 1989 special issue was on Managing Planet Earth.
It featured an article, Strategies for Manufacturing, by Robert Frosch and Nicholas
Gallopoulos, both then at General Motors [1].

In their article, the two authors offered the idea that it should be possible to develop
industrial production methods that would have considerably less impact on the
environment. This hypothesis led them to introduce the notion of industrial
ecosystem. Projections regarding resources and population trends ‘lead to the
recognition that the traditional model of industrial activity—in which individual
manufacturing processes take in raw materials and generate products to be sold
plus waste to be disposed of—should be transformed into a more integrated model:
an industrial ecosystem. The industrial ecosystem would function as an analogue
of biological ecosystems. (Plants synthesize nutrients that feed herbivores, which
in turn feed a chain of carnivores whose wastes and bodies eventually feed further
generations of plants.) An ideal industrial ecosystem may never be attained in
practice, but both manufacturers and consumers must change their habits to
approach it more closely if the industrialized world is to maintain its standard of
living-and the developing nations are to raise theirs to a similar level-without
adversely affecting the environment.’

However, as Robert Frosch indicated during his lecture, ‘Towards an Industrial
Ecology’, presented before the United Kingdom Royal Society in 1990: ‘The analogy
between the industrial ecosystem concept and the biological ecosystem is not
perfect, but much could be gained if the industrial system were to mimic the best
features of the biological analogue’ [2].
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In contrast to preceding attempts, Frosch and Gallopoulos’s article sparked off
strong interest. There are many reasons for this: the prestige and wide audience
of the Scientific American, Frosch’s reputation in governmental, engineering and
business circles, the weight carried by the authors because of their affiliation with
General Motors, and the general context, which had become favorable to
environment issues, with, among other features, discussions around the Brundtland
Commission report on sustainable development. The article manifestly played a
catalytic role, as if it had crystallized a latent intuition in many people, especially
in circles associated with industrial production, who were increasingly seeking
new strategies to adopt, to deal with environmental issues.

Although the ideas presented in Frosch and Gallopoulos’s article were not, strictly
speaking, original, the Scientific American article can be seen as the source of the
current development of Industrial Ecology. Ideas on Industrial Ecology were also
disseminated among business circles on the basis of the Scientific American article,
but indirectly. Hardin Tibbs, a British consultant who was working in Boston in
1989 for the company Arthur D. Little, says that reading Frosch and Gallopoulos’s
article inspired him to write a twenty-page brochure called Industrial Ecology: An
Environmental Agenda for Industry. Arthur D. Little published the text in 1991. It
was published again in 1993 by Global Business Network, a consulting company
near San Francisco, joined by Hardin Tibbs, which develops prospective scenarios
for its member companies [3]. The Hardin Tibbs brochure was quickly sold out,
then thousands of xeroxed copies of it were circulated, spreading Frosch and
Gallopoulos’s ideas throughout the business world. Other authors, also inspired
by the Frosch and Gallopoulos article, began to write papers disseminating the
idea both in various academic and business circles.

Today, Industrial Ecology is being pursued with unprecedented vigor. It is gaining
recognition not only in business communities, but in academic and government
circles as well. In 1997, the Journal of Industrial Ecology (MIT Press,
������������	

�����	�
����) was launched, and the International Society for
Industrial Ecology (ISIE) (��������������	�	�
��
�	) was founded in 2000–01.



6 INDUSTRIAL ECOLOGY: AN INTRODUCTION

1.31.31.31.31.3 The Industrial Ecology Agenda: Restructuring theThe Industrial Ecology Agenda: Restructuring theThe Industrial Ecology Agenda: Restructuring theThe Industrial Ecology Agenda: Restructuring theThe Industrial Ecology Agenda: Restructuring the
Industrial SystemIndustrial SystemIndustrial SystemIndustrial SystemIndustrial System
The principal objective of Industrial Ecology is to reorganize the industrial system
(including all aspects of human activity) so that it evolves towards a mode of
operation that is compatible with the biosphere and is sustainable over the long-
term. The strategy for implementing the concepts of Industrial Ecology is often
referred to as eco-restructuring and can be described in terms of four main
elements: (1) Optimizing the use of resources (2) Closing material loops and
minimizing emissions (3) Dematerializing activities (4) Reducing and eliminating
the dependence on non-renewable sources of energy [4].

1.3.11.3.11.3.11.3.11.3.1 Optimizing the Use of ResourcesOptimizing the Use of ResourcesOptimizing the Use of ResourcesOptimizing the Use of ResourcesOptimizing the Use of Resources
Optimizing the use of materials and energy in any industrial activity starts

with an analysis of production processes in order to eliminate unnecessary losses.
This is a step that is carried out by individual companies on their own activities
and is called Pollution Prevention or Cleaner Production. While there have been
considerable efforts in this area during the past 10–15 years, there is still room for
further improvement, particularly in the newly-industrializing countries that will
represent the principal manufacturing base in the future.

Once we begin to consider the biological analogy underlying Industrial Ecology,
we realize that additional aspects of resource optimization are not covered by the
approaches mentioned above. In natural ecosystems, certain species feed on the
waste of other species and thereby contribute to the creation of a food chain.
Industrial Ecology therefore suggests the idea of an industrial food chain in which
companies are linked in some form of network in order to exploit unutilized
resources or by-products and thereby increase resource utilization.

Thus, the concept of Eco-Industrial Park (EIP) was born in the early 1990s. EIPs
are areas in which companies cooperate to optimize resource use, namely, by
mutually recovering the waste they generate (the waste produced by one enterprise
is used as raw material by another) [5].

The notion of park should not be considered in the sense of a geographically
confined area: an eco-industrial park can very well encompass a neighboring city,
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even a remote enterprise, especially if the latter is the only one around capable of
recovering a rare type of waste impossible to process at other factory sites. Hence
the new term, eco-industrial networks, where parks represent a particular case, is
appropriate. The notion of eco-industrial parks (or networks) is quite different
from traditional waste exchange programs. Indeed, it involves a systematic recovery
process of overall resources in a given region, within the conceptual framework of
scientific ecology. It does not merely recycle waste on an ad hoc basis.

One idea that fits in with the notion of eco-industrial parks is that of industrial
biocoenoses. In biology, the concept of biocoenosis refers to the fact that, in
ecosystems, various species of organisms always meet according to characteristic
patterns of association. Just as in natural ecosystems, there are key species in
industrial biocoenoses. Power plants, for instance, are an obvious key species. All
kinds of different eco-industrial complexes could develop around thermal power
plants (coal, oil, gas, nuclear), given the extent of matter flows involved and the
enormous quantity of energy wasted as heat.

Once the best possible associations are determined, including the most appropriate
combinations of various industrial activities, the concept can then be extended to
industrial complexes. For example, instead of building an isolated sugarcane
production unit, one should attempt, from the outset, to plan an integrated complex
whose objective is to use all the flows of matter and energy linked to sugarcane
processing in the best possible way. In this instance, a number of units could be
attached—a paper mill, a distillery, a thermal power station—in order to recover
all the different by-products of sugarcane. A variety of possibilities come to mind:
pulp–paper complexes, fertilizer–cement ventures, steelworks–fertilizer–concrete
partnerships, etc. Granted, there are examples of partial and spontaneous complexes
that have been around for a long time. However, the main focus now should be on
developing these complexes in a more explicit and systematic way [6].

The Eco-Industrial Park (EIP) is proving to be an important tool within the Industrial
Ecology approach and at present there are around 50 EIP projects under way,
particularly in North America, Western Europe and Asia [7].

1.3.21.3.21.3.21.3.21.3.2 Closing Material Loops and Minimizing EmissionsClosing Material Loops and Minimizing EmissionsClosing Material Loops and Minimizing EmissionsClosing Material Loops and Minimizing EmissionsClosing Material Loops and Minimizing Emissions
In natural ecosystems all materials flow cyclically in the form of a quasi-closed

loop. For example, bacteria, fungi and small invertebrates break down dead matter
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or waste products from plants into simpler chemical compounds that can once
again be used by plants. Companies that carry out this function of recycling wastes
in the industrial ecosystem are usually referred to as recyclers. Unfortunately,
while natural ecosystems are very effective at closing the material loops, the
industrial ecosystem is still far from optimal. Only a small fraction of the waste is
returned to the system; the majority is lost from the industrial system (i) through
the creation of waste during the manufacturing of products, (ii) as waste that is
formed by a product when it is considered to be of no further useful value, and
(iii) in the form of products that are designed to be completely or partially dispersed
during their use. At present, the losses of materials due to consumption patterns
(i.e. types (ii) and (iii) above) greatly exceed those during the manufacturing
process.

Closing material loops within the industrial ecosystem, therefore, means addressing
the complete life cycle of the product. One way is to make the recycling industry
more effective, both with respect to technological solutions as well as logistics.
However, energy is required to close the material loop in a natural or an industrial
ecosystem. As long as we continue to use fossil fuels as our main source of energy
in the industrial ecosystem, recycling will also contribute to the creation of waste
from the combustion process. The energy associated with recovery of a material
must therefore be considered when deciding on a strategy for closing the loop. In
the case of the recovery of aluminum from scrap, for example, the energy
requirement for recycling is much lower than that for extraction and purification
of aluminum from bauxite. The environmental impact due to recycling is only
one-tenth of that to produce virgin aluminum.

Although it is possible to envisage closing material loops for consumption patterns
(i) and (ii) above, there are some materials that are designed to be completely or
partially dispersed during their use. Some examples are pharmaceuticals, fertilizers,
pesticides, detergents, solvents, etc. Such materials clearly cannot be recycled
after use and will always represent a loss of resources. Minimizing dissipation of
this type of product is a difficult challenge and may be addressed (in some cases)
by rethinking about the service demanded.

One area where open material flows can no longer be accepted is when such
materials are toxic/hazardous and, in particular, when they are persistent and
bio-accumulate (accumulate in living organisms). Whether the material is lost
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due to inefficient recycling or through dissipative use, sustainability arguments
imply that its future use must be seriously questioned and alternative solutions
provided.

1.3.31.3.31.3.31.3.31.3.3 Dematerializing ActivitiesDematerializing ActivitiesDematerializing ActivitiesDematerializing ActivitiesDematerializing Activities
An important objective of Industrial Ecology is not only to create cyclic flows

of materials but also to minimize the total flow of matter and energy used to
provide equivalent services. Technical progress often makes it possible to obtain
more service from a smaller amount of matter, such as by producing lighter objects
or by replacing one material by another (e.g. a few kilograms of optical fiber
allows for more telecommunications throughput than one tonne of copper cable).
However, dematerialization is not as simple as it may seem—less massive products
may have shorter life spans and will therefore ultimately consume more resources
and generate more waste. Furthermore, dematerialization does not apply only to
consumer goods, but also to the heavy infrastructure of the industrial system,
such as buildings, roads, transportation networks, etc. [8].

At the present time, two strategies are being debated: relative dematerialization so
as to obtain more services and goods from a given quantity of matter, and absolute
dematerialization, which strives to reduce the total amount of matter circulating
within the industrial system. There has been a recent surge of interest in
dematerialization in the context of the so-called new economy, or knowledge-
based economy, and there have been many claims that the emerging information
technologies will contribute to the dematerialization of the economy. However,
this is far from proven, and at this stage we must acknowledge our ignorance
about the real impact of new information technologies on resource consumption [9].

Probably one of the best ways to dematerialize the economy is to emphasize the
service rendered, or the function, i.e. to market the use of the product rather than
the product itself. For many years our economic system has been organized to
maximize production. Within the context of Industrial Ecology, the objective is to
prioritize use in order to evolve towards a genuine service-oriented society, also
referred to as functional economy. This involves strategies such as durability
(extending the useful life of a product), renting rather than owning, and selling
use rather than the actual product. To illustrate the point, a photocopy machine
manufacturer who sells the photocopy service rather than the machine itself, will
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run a more profitable operation if the photocopy machine, of which he retains
ownership, requires as little matter inputs as possible, has the longest possible
useful life, is easily recyclable, etc. [10].

1.3.41.3.41.3.41.3.41.3.4 Reducing and Eliminating the Dependence on Non-renewableReducing and Eliminating the Dependence on Non-renewableReducing and Eliminating the Dependence on Non-renewableReducing and Eliminating the Dependence on Non-renewableReducing and Eliminating the Dependence on Non-renewable
Sources of EnergySources of EnergySources of EnergySources of EnergySources of Energy
Energy is an extremely important factor in the eco-restructuring of the industrial

system. All efforts have to be made to increase energy efficiency through
developments such as co-generation and energy cascading.

However, fossil fuels (coal, oil or natural gas) are a crucial factor in powering the
engines of industrial economies. Combustion of fossil fuels is fundamentally
dissipative and lies at the root of many environmental problems, including the
enhanced greenhouse effect, smog, oil spills, acid rain, etc. Eco-restructuring,
therefore, must involve a change in the way that we obtain energy so as to make
it more compatible with the goals of Industrial Ecology. In the first phase we can
try to make fossil fuel consumption less harmful—for example, by recovering carbon
dioxide gas or by decarbonizing the energy supply via a change from coal and oil
to natural gas (and eventually perhaps hydrogen). However, it is clear that this is
only a temporary solution and the move from fossil fuels to alternative renewable
energies must be made quickly [11].

1.41.41.41.41.4 The Industrial Symbiosis in KalundborgThe Industrial Symbiosis in KalundborgThe Industrial Symbiosis in KalundborgThe Industrial Symbiosis in KalundborgThe Industrial Symbiosis in Kalundborg
As a matter of fact, Industrial Ecology is already more than a nice theoretical idea:
the Industrial Symbiosis, which has evolved during the last three decades in the
small city of Kalundborg, in Denmark, offers the best evidence that such an
approach can be very practical and economically viable. Kalundborg, located
130 km west of Copenhagen, can be seen as a successful example of an industrial
complex minimizing pollution and optimizing the use of various resources. Before
addressing the specific issues of developing countries, a short discussion of the
Kalundborg Symbiosis would be useful.

The history of Kalundborg really began in 1961, with a project to use surface water
from Lake Tissø for a new oil refinery in order to save the limited supplies of
groundwater. The city of Kalundborg took the responsibility for building the pipeline
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while the refinery financed it. Starting from this initial collaboration, a number of
other collaborative projects were subsequently introduced and the number of
partners gradually increased. By the end of the 1980s, the partners realized that
they had effectively self-organized into what is probably the best-known example
of a working industrial ecosystem, or to use their term—an industrial symbiosis [12].
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In addition, several other companies participate as recipients of materials or energy.
The status of the Industrial Symbiosis in 1999 is shown in Figure 1.1.

Thanks to the symbiosis, the reduction in the use of groundwater has been
estimated at close to 2 million cubic meters per year. However, in order to reduce
overall water consumption by the partners, the Statoil refinery supplies its purified
wastewater as well as its used cooling water to Asnæs power station, thereby
allowing this water to be used twice and saving additionally 1 million cubic meters
of water per year.

Asnæs power station supplies steam both to Statoil and Novo Nordisk for heating
in their processes and, since it is therefore functioning in a co-generation mode, it
is able to increase its efficiency.

Excess gas from the operations at the Statoil refinery is treated to remove sulfur,
which is sold as a raw material for the manufacture of sulfuric acid, and the clean
gas is then supplied to Asnæs power station and to Gyproc as an energy source.
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In 1993, Asnæs power station installed a desulfurization unit to remove sulfur
from its flue gases, which allows it to produce calcium sulfate (gypsum). This is
the main raw material in the manufacture of plasterboard at Gyproc. By purchasing
synthetic waste gypsum from Asnæs power station, Gyproc has been able to replace
the natural gypsum that it used to buy from Spain. In 1998, approximately 190,000
tonnes per year of synthetic gypsum were available from the power station.

Novo Nordisk creates a large quantity of used bio-mass coming from its synthetic
processes and the company realized that this could be used as a fertilizer since it
contains nitrogen, phosphorus and potassium. The local farming communities
use more than 800,000 cubic meters of this liquid fertilizer each year as well as
over 60,000 tonnes of a solid form of the fertilizer.

Finally, residual heat is also provided by Asnæs power station to the district heating
system of the town. The system functions via heat exchangers so that the industrial
water and the district heating system are kept separate.

The investment made to put the different material and energy exchanges in place
has been estimated at $75 million. This is the cost of the 18 projects established
up to and including 1998. Keeping in mind that each exchange is based on a separate
contract between the two partners involved, revenues can be estimated as coming
from selling the waste material and from reduced costs for resources. The partners
estimate that they have saved $160 million so far. The average payback time of a
project is less than 5 years. Therefore the clear lesson is that a more rational
utilisation of resources is not only good for the environment, but also saves money.

In any discussion of Industrial Ecology, the Kalundborg Symbiosis has tended to
take center stage as the model to emulate. The importance of the Kalundborg
example is not just how a few companies can share their waste for improved
profit and societal gain, but more importantly, how local communities and societies
can find strategies that can improve their sustainability by using their resources
more efficiently. The Kalundborg example is more important from the point of
view that it successfully exemplifies a development strategy that is different from
the conventional wisdom of the time.

There is no doubt that the Kalundborg model has fruitfully inspired the recent
thinking on environmental management of industrial estates and eco-industrial
networks. Yet there is also a growing recognition that we need to look beyond
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Kalundborg. This is especially true regarding the implementation of Industrial
Ecology in developing countries, where the industrial pattern is very
unlike Kalundborg.

1.51.51.51.51.5 The Scope of Industrial EcologyThe Scope of Industrial EcologyThe Scope of Industrial EcologyThe Scope of Industrial EcologyThe Scope of Industrial Ecology
The term Industrial Ecology appears to suggest that it has something to do with
just Industry or Ecology. But its scope goes far beyond that. In its very essence, in
its broader definition, Industrial Ecology aims to study the flow of all resources
(material, energy, land, forest, human resources, or any other) through an entire
identified socioeconomic system (a town, region, state) with a view to strategically
optimizing their use. The flow refers to the consumption of the resource (both the
quantity and method of use) by different entities in the socioeconomic system. By
this definition, Industrial Ecology lays emphasis on not just production but on
consumption as well, either by individuals or by commercial entities.

The scope of Industrial Ecology at a regional level could be as depicted in Figure 1.2.
The utility of such an understanding is obvious. To develop strategies for optimizing
the use of resources, it is essential to make a detailed analysis of the quantitative
data about their consumption by different entities in society. Such knowledge
about the flows and patterns of use of resources, besides contributing to the
sustainability of a region in a broad sense, also offers specific advantages. New
business and employment opportunities can emerge from creating value from
certain resources previously considered as wastes, or from detection of possible
innovative linkages between companies. It also allows the anticipation of potential
environmental problems, an invaluable asset for planners and public authorities.
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F I G U R E 1.2

Flow of Resources in an Economic System
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