
C O M M E N T A R Y  
L. 

R e p r i n t e d  w i t h  t h e  permission 
of t h e  U n i v e r s i t y  P r e s s  of 
N e w  England.  

AchiminJ Sustainable Development thmgh 
I n d z j d  Emkgy 

B R A D E N  R. A L L E N B Y  

Introlitlction 

It has become apparent to thoughtful observers that current economic, pop- 
ulation, and associated cultural pattems are not sustainable; that is, they can- 
not be continued indefinitely as they are. Abundant data support this point.’ 
The logical question is then obvious: what now? 

The concept of “sustainable development,” first developed in a study by the 
World Commission on Environment and Development (the Brundtland Re- 
port), is the response.’ The concept, however, remains somewhat vague and 
ill-defined. In part, of course, this is simply a reflection of the nascent state of 
the dialogue on sustainable development. In part it is because the concept of  
sustainable development is, to several established disciplines and political au- 
thorities, somewhat revolutionary and thus subject to misunderstanding. 

In large part, however, it results from the human desire to define an end 
state-“sustainable development”-and then to determine how to get there. 
Sustainable development, however, is not an end state; indeed, complex sys- 
tems such as the global economic system and human cultures don’t reach static 
end states (although they may indeed end). Rather, sustainable development 
will be a dynamic, conrinuous process; a verb, not a noun. It cannot, therefore, 
be defined absolutely as a thing in itself, but must be defined in terms of the 
process by which it is achieved and promulgated, and the principles that in- 
form that process. 

Those principles and that process constirute industrial ecology. 
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What is Industrual Ewhy~y?~ 

--- 

Somewhat teleologically, “industrial ecologvl) may be defined as the means by 
which a stare of sustainable development is approached and maintained. I t  
consists of a systems view o f  human economic activity and its interrelationship 
with fundamental biological, chemical, and physical systems with the goal of 
establishing and maintaining the human spccia at levels that can be sustained 
indefinitcly-given continued economic, cultural, and technological evolu- 
tion.’ 

It is perhaps useful in clariqing this somewhat oxymoronic term to resort 
to a biological analogy. Use of biological analogies is always tricky; nonethe- 
less in this case I believe they a d v i c e  understanding (at the inevitable cost of 
oversimpliFying the biology). 

Classic ecology has been defined as “the study of the relation of organisms 
or groups of organisms to their environment . . . the science of the interrela- 
tions between living organisms and their environment . . . the study of the 
structure and function of narurcnS It is a discipline that studies quintessentially 
complex biological systems. It is the focus on interrelationships and complex 
systems, in particular, that makes this biological analogy so suggestive, since 
it is the failure to focus on the interrelationships between human activity and 
fundamental global support systems that creates many of the current environ- 
mental perturbations. 

In developing this idea further, consider a postulated primitive biological 
system, where the biological component is a small subsystem compared to its 
supporting environmental systems.6 Under such circumstances, a qurtsi-linear 
biology might well be appropriate, perhaps even more efficient from thc or- 
ganisms’ perstxctive. In such a protosystem, which I will term a “Type I” 
system, resources and sinks are for all practical purposes unlimited.’ Accord- 
ingly, the flows of materials from “resource” through “organism” to “waste” 
are essentially indepcndcnt, and there is no need for an organism or groups of 
organisms to expend the energy to create mechanisms for economizing or 
cycling any input or output (see figure 1). 

As external constraints on unlimited resources and unlimited sinks bcgin 
to develop-that is, as the biomass of the organic subsystem begins to reach 
a scale where its activities affect the functioning of the supporting environ- 
mental systems-a Type 11 systcm evolves, where the flows within the biolog- 
ical domain may be large, but the flows into and out of the domain are limited 
(see figure 2 ) .  The biomass is now evolving as a system in its own right; it is 
no longer simply a disconnected set of linear flows. Driven by competition for 
scarce resources, feedback loops begin to develop; with scarcity comes more 
rapid evolution. 

While the Type I1 system is more efficient in its use of now-scarce resources, 
it is not yet sustainable in an absolute sense, given continued reliance on lim- 
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ited resources and limited sinks. To the extent growth continues and biomass 
accumulates, a Type I11 system exhibiting complete cyclicity will have to 
evolve for strict sustainability, as shown in figure 3.8 

Type 111 systems are characterized by complete cycling of all materials, with 
no demand for inputs and-no waste. Such systems are, however, energetically 
open, in that they depend on a continuous flow of sofar radiation to maintain 
energy flows throughout the system. Obviously, these three systems are sim- 
plifications of a complex reality-and highly idealized at that. Nonetheless, 
these simplified biologcal paradigms illustrating complex systems can be ap- 
plied to human economic activity as well. Like a biological community or 
ecosystem, human economic activity is a complex system embedded in s u p  
porting physical, chemical, and biological systems, which are also absolute 
constraints on the behavior of the embedded system. Materials flow through 
both systems in complex temporal and spatial patterns, and the strumre of 
these patterns can have significant implications for the relationship between 
the embedded biological or economic system, and its supporting environmen- 
tal systems. While individual parts of a biological or economic system-a spe- 
cies, a firm, or a national economy-+m be studied in isolation, it is obvious 
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that each system must also be understood on its own terms, as a complex 
system. This is especially true where impacts of the embedded system on its 
support structure are i n v ~ l v e d . ~  

k t  us explore in a little more depth some of the interesting implications 
of the proposed analogy. Consider, for example, the fundamental principle 
that the evolution of  more complex systems-moving from a Type I to a Type 
I11 model-was necessary if continued growth in biomass was to occur, given 
the limited resources of the carch. In other words, the magnitude of the bio- 
mass subsystem that can be supported at a given level of resources is directly 
dependent on the efficiency with which that subsystem can maximize internal 
cycling and reduce rcsource and sink consumption. 

Now consider the human condition. We unquestionably have a large and 
growing population that demands to be supported at a certain minimal eco- 
nomic level, thereby implying a certain minimal lcvel of capital stock, given 
.current technology. However, the human economy today is predominantly a 
Type I system. Many raw materials and resources do  not cycle through the 
economy, but are simply mined or manufactured, put into a consumer article, 
and disposed of at the end of their useful life. This phenomenon ofdissipation 
of materials in the modem consunier economy obviously is not compatible 
with a sustainable, cyclical pattern of resource use.1° Although public and in- 
dustrial recycling is increasing,” basic rcsourccs--cspccially iI1fUtS of air and 
water-and sinks--espccially the atmosphere and receiving waters-are still 
treated as if they were essentially 

From a systems perspcctive, this is clearly unsustainable. What we arc doing 
is attempting to support a biomass appropriate for Type I11 conditions with a 
linear Type I economy and culture. This is not a new insight,” but the indus- 



trial ecology approach helps frame the alternatives: we can simply continue as 
we arc, and let the inevitable global constraints reduce the human biomass to 
a level appropriate to Type I economic and cultural practices, or we can evolve 
towards a Type 111 structure. 

There is another important insight to be gleaned from the biological anal- 
ogy, one with senous implications for the size of the task facing us. It is well 
known that a biological population with no constraints will display essentially 
a sigmoid growth curve characterized by exponential growth until limiting 
conditions are met, then level off at a carrying capacity." The leveling-off pro- 
cess may be more or less graceful; but in our model system, it amounts to a 
transition from the Type I system (exponential growth) to the Type I11 system 
(carrying capacity). 

Not only human population, but human consumption of many important 
mputs (energy, fresh water, and raw materials) have displayed exponential-like 
growth curves since the Industrial Revolution (and the associated agricultural 
and population revolutions). 

Fundamentally, the Industrial Revolution created a Typc I, essentially un- 
limited, growth environment for our species. There is no question that local- 
ized environmental degradation could be severe, but the &ct on global sup- 
port systems was not perceived as a problem, in part due to temporal lags 
exhibited by these complex systems.15 Now, of course, it is apparent that we 
have begun to degrade our global support systems badly, particularly the crit- 
ical sinks of the atmosphere and the oceans. The exponential h e  ride is over 
as far as the earth is concerned. Unfortunately, our institutions have not yet. 
responded to those signals. Thus, in many ways, current human eco"ic 
activity is still shaped by the implicit model of continuing exponential growth, 
not the reality of encroaching fundamental biological, chemical, and physical 
limits. The shift from this growth phase to a state of sustainable development 
culture will be profound, affecting most human institutions. 

Current trends in the evolution of technology, for example, tend to be un- 
sustainable precisely because they fuel, and are fueled by, an increasingly dis- 
sipative economy. Telephones in the United States, for instance, used to be 
recyclcd by the Bell System for years. Now, telephones exhibit more function- 
ality, but have much shorter lifetimes and tend to end up in Ian& instead 
of being recycled back into the economy. In part, such examples also illustrate 
our failure to develop, and, to apply, a systems understanding of the intem- 
lationship between our economy and the underlying global support systems. '' 

Virtually all critical academic and intellectual disciplines today are still pred- 
icated on assumptions appropriate to an exponential growth phase, not a sus- 
tained development phase. The intoxication of mainstream economics with 
growth at any cost, and the virtually universal use of discount rates for re- 
source consumption decisions, are examples. The failure of law to recognize 
any rights of future generations is another example. The strongly pronatalist 
policies of many faiths and governments, frequently grounded in the belief 
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that a larger population 'of believers or citizens makes for increased strength, 
are yet another example. The simple fact is that, as a species, we are in a Type 
111 world with Type I institutions. The many indications that resource and 
sink limitations are becoming more critical, however, indicate that the current 
economic system and cultural institutiohs will be under increasing pressure to 
evolve toward a more cyclical stage or, alternatively, human activity will be 
forced back to a system size where the impacts on Fundamental environmental- 
support systems are reduced to sustainable forms and magnitudes. As it is 
evident that this latter course could include substantial economic and social 
disruption, as well as a significant collapse in human population, it is desirable 
to encourage evolution of the human economy on a relatively stable path to- 
ward a Type 111 system. Industrial ecology is the discipline that will inform 
this effort. 

At the outset, it is necessary to emphasize that industrial ecology must 
subsume afl human economic activity, including forestry, agriculture, extrac- 
tive industries, energy production and use, manufacturing, service operations 
and processes, and sustenance activities. In doing so, it will atso have to ad- 
dress significant cultural, technological, and political institutional issues. In 
fact, part of the reason we find ourselves in our current dilemma is that our 
systems thinking has, to date, been too limited in both the spatial and tem- 
poral dimensions. 

Developing the ability to conceptualize and define the industrial ecology 
metasystem on this level is, however, currently beyond the state of the art. 
Thus it may be useful to provide a subsystem example of the kind of cyclical 
activity towards which we should be moving. For example, the modem man- 
ufacturing system is relatively well understood, so we can begin to understand 
in bmad terms the appropriate model to work towards. Schematically, a Type 
111 industrial subsystem of the industrial ecology metasystem might look 
something like that in figure 4. While this appears simplistic, it is not: for 
example, in some nations, hazardous waste laws are written in such a way as 
to actively discourage the kind of cyclical material flows one would wish, in 
fact, to encourage.'' 

More broadly, a failure to apply the kind of systems approach inherent in 
figure 5 lies behind much of the apparently inappropriate behavior of modcm 
institutions. Any study of industrial ecology must recognize its metasystem 
attributes in comparison to the subsystem scale of current institutions. Indeed, 
many of the dysfunctional aspects of current institutions-politic;rl, legal, eco- 
nomic, scientific, or otherwise-ark not from inhercnt fallacies within the 
institution, but the application of the principles of the institution beyond the 
scale to which they arc valid. Schematically, these institutions properly are 
seen as subsystems of the industrial ecology metasystem (see figure 5 ) .  

Human beings are, ofcoursc, familiar with the insututions with which they 
interact. At this point, much less can bc said for the industrial ecology meta- 
system. Some things are, however, apparent. For example, it is clear that the 
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scale of the industrial ecology metasystem must be global, so as to include all 
economies, developed and undeveloped-in the closed system. This docs not 
mean that local traditions, cuttures, and economies are precluded. To the con- 
trary, they should be encouraged, as local responses to environmental con- 
straints will be a valuable source for adaptive cultural mutations. Equally as 
important, different local and regional pattems may well constitute an impor- 
tant element of the quality of life in a sustainably developed world.’9 

Given these preliminary thoughts on the nature and scope of the industrial 
ecology metasystem, it is apparent that understanding this system, much less 
attempting to manipulate it, is a daunting task. Where should one begin? 

Deve&q~ the S t d y  @Id& EcoroBy 

There are several immediate and practical steps that can be taken by individual 
nations to initiate the study and practice of industrial ecology. Some of these 
steps are already being taken, albeit often without a full recognition of the 
scope of the memystem involved. The most obvious need is to raise the visi- 
bility of industrial ecology as a legitimate area of study, and to begin to define 
the parameters of the metasysrem more accurately. In the United States, the 
National Academy of Engineering has already done some work in this area. 
The work has resulted in a book on the interrelationship between technology 
and the environment.20 The concept of life-cycle analysis, which is currently 
king developed by several groups, contains elements of an industrial.ecology 
a p p c h , ”  as does the nascent practice of integrating environmental consid- 
erations and constraints into product and process design, called Design for 
Environment, or DFE.z2 Similar efforts using different terminology, and fo- 
cusing on what we would call “subsystems of the industrial ecology metasys- 
tem,” are becoming increasingly common around the world. 

There are other, more specific, efforts that must be undertaken, however, 
if industrial ecology is to flourish as a new international field of study. This 
suggests not only the need to establish an international society for industrial 
ecologv, but international institutes for industrial ecology as well. 

An international society for industrial ecology is a logical longer-term result 
of preliminary workshops and meetings. Such a society would serve as a crit- 
ical informarion and nctworking resource for practitioners of industrial ecol- 
ogy, as well as a supportive peer group. Input from existing international or- 
ganizations, such as the United Nations Environment Programme or the UN 
Center for Transnational Corporations, would be useful -in ensuring that the 
necessary intemational scope is maintained. 

The institutes for industrid ecology would also be pivotal in initiating the 
study of industrid ccology. In particular, they could be given several tasks: 
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1. The instinites should develop graduate and undergraduate curricula in fac- 
ets of industrial ecology. This function could be perfomied independently, 
o r  in partnership with interested academic institutions. The institutes could 
also scrvc as an information clearinghouse for academic institutions exper- 
imenting with such curricula. 

2. The institutes could identify and maintain data bases regarding existing or- 
ganizations and data resources which are performing complementary work. 
This information would be available to academic institutions, industry, and 
others. The institutes would also integrate this material-much of which 
deals only with certain aspects of industrial ecology, such as pollution pre- 
vention, waste minimization, recycling, and energy conservation-in light 
of industrial ecology principles. 

As a corollary, the institutes should define the data necessary to perform 
industrial ecology-type analyses of industrial issues, and collect or fund the 
collection of such data. While there are several sources of raw data on pro- 
duction, sales import, and export activities involving the industrial, forestry, 
agricultural, mining, and other sectors in various countries, the data tend 
to be of uneven quality. Moreover, there are also significant data gaps which 
could impede understanding and analyses of industrial ecology issues. 

3. The institutes should sponsor or participate in multidisciplinary, multina- 
tional conferences, seminars, and workshops on industrial ecology, with 
industrial, academic, government, and other appropriate partners. 

4. The institutes should encourage, support, and fund research in industrial 
ecology. As the fiekl grows, this activity should be coordinated with other 
private, industrial, academic, and national and international official funding 
sources to ensure efficient use of scarce research dollars. 

5 .  The institutes should develop, manage, and (if appropriate and possible) 
fund an intemship program involving academic and industrial participants. 
Intemships should be offered at both academic and industrial locations. 

More broadly, the institutes must encourage the development of new 
forms of organizations linking multinational organizations, governments, 
and private and academic institutions. Because part of the cause of regional 
and global environmental perturbations is dysfunctional economic and cul- 
tural subsystems, part of the solution must be to evolve new organizations 
of the appropriate scope and scale. There are a few initial efforts in this 
direction, such as the Industry Cooperative for Ozone Layer Protection, 
but much more is necessary.” Determining how to encourage and imple- 
ment such efforts, and how they may be made effective, would appear to 
be an important’mission for the institutes. 

If they are to be effective, the institutes should have some fundamental 
characteristics. Perhaps most important, they must be objective, and bc: per- 
ceived as being objective. This will not be trivial for organizations that, to 
carry out their mission, will have to work closely with industry and govem- 
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ment entities having significant financial and bureaucratic interest in the way 
industrial ecology principles are implemented. The institutes may alx> be par- 
t i d y  fundcd by industry or industry-related sources, raising additional poten- 
tial for biases. Nonetheless, they will have to be in the world of industry, but 
not of it. 

It also is absolutely essential that the institutes be multidisciplinary. Each 
discipline or profmion carries with it an implicit and explicit set of biases, 
methodologies and assumptions that, taken alone, are inadequate to address 
the problem. Addressing metasystem issues will require contributions fiom 
numerous fields, including anthropology, economics, law, engineering, sys- 
tems ecology, biology, and the physical sciences. Specialized institutes will ob- 
viously have additional expertise requirements. Moreover, the institutes will 
require people with industrial experience, whose areas of expertise may be 
impossible to categorize. 

Additionally, thc institute must insist on the highest professional and aca- 
demic standards, without falling into the trap of disregardlng new or multi- 
disciplinary work because it does not conform to existing preconceptions or 
dogmas. This may prove difficult: there is a lot of unreviewed, second-rate 
material in the environmental field; yet traditional, narrow, discipline-based 
academic standards will fiequently not be appropriate. Indeed, to some extent 
they are part of the problem, not part of the sol~tion.~’ 

Why institutes instead of just one institute? Simply put, it will probably be 
necessary as a practical matter to limit each institute to certain subsystems of 
industrial ecology, at least initially, to achieve any meaningful benefits. The 
industrial ecology metasystem is simply too big to tackle head-on. Thus, there 
will be a need for a Linked series of regional-or perhaps-national institutes, 
each focusing on a specific subsystem within the industrial ecology metasys- 
rem, while recognizing the need to interact and integrate activities among 
fellow institutes to the extent possible. 

A more subtle reason to begin with regional or, if necessary, national insti- 
tutes is to  reinforce the need for a unified global approach to industrial ecol- 
ogy, while demonstrating a concern for indigenous cultures and practiccs. 
Moreover, it is presumptuous in the extreme, particularly at this point, to 
assume that any specific culture will hold the key to industrial ecology. Indeed, 
some of the countries moving most rapidly toward certain elements of indus- 
trial ecology, such as waste minimization, are precisely those countries whcre 
one would expect psychological loyalty to the Industrial Revolution and thc 
exponential-growth mindset to be greatest. 

Current cconornic pattcms and supporting cultural and political structures 
have, by and large, evolved during the exponential growth phase of human 
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history. generally termed the Industrial Revolution. It is now apparent that 
the kvcls of hunwn population and economic activiry traditionally awxiated 
with that phase arc not sustdinahle. A primary reason is that existing cultural. 
economic, and technical systems arc only subsystcms of a metasystem I have 
defined JS “industrial ecology.” Optimizing or  satisficing behavior at thc sub- 
system Icvcl has clearly failed t o  create conditions under which the industrial 
ccology metasystem functions t o  support sustainable development. Our spe- 
cies will reach sustainable levels, of course. I t  is our choice as t o  whether this 
occurs through natural population control mechanisms (starvation, epidem- 
ics) and social collapse. o r  planned evolution toward sustainable development. 
If we choose the latter course, we must begin now to explore and understand 
the industrial ecology metasystem. 
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