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Abstract Sustainable development has been defined by
political and corporate leaders as the combination of en-
vironmental protection and economic growth. As a result,
the concept of eco-efficiency has been promoted as the
primary tool for achieving industrial sustainability.
However, there are at least four reasons why technological
improvements in eco-efficiency alone will be insufficient to
bring about a transition to sustainability. First, consider-
ing that the very foundations of western industrial soci-
eties are based on the exploitation of non-renewable
minerals and fuels, it will be extremely difficult to switch to
an industrial and economic system based solely on
renewable resources. Clearly, the continuing use of non-
renewables is inherently unsustainable because of finite
material supplies and the fact that 100% recycling is
impossible. Second, given the limited supply of non-
renewable fuels, long-term sustainability can only be
guaranteed if all energy is derived directly or indirectly
from the sun. However, if the current U.S. energy demand
would have to be supplied solely from solar sources, a wide
range of serious and unavoidable negative environmental
impacts are likely to result. Third, even the best of human
ingenuity and the greatest technological optimism are
bounded by the second law of thermodynamics, which
dictates that all industrial and economic activities have
unavoidable negative environmental consequences. Final-
ly, improvements in eco-efficiency alone will not guarantee
a reduction in the total environmental impact if economic
growth is allowed to continue. Unless growth in both
population and consumption is restrained, these techno-
logical improvements only delay the onset of negative
consequences that, as a result, will have increased in se-
verity, thereby reducing our freedom to choose satisfying
solutions.

Introduction
The term ‘‘sustainable development’’ has received un-
precedented popularity ever since it was first defined by
the World Commission on Environment and Development

more than 10 years ago. In its famed Brundtland report,
sustainable development was to ‘‘ensure that humanity
meets the needs of the present without compromising the
ability of future generations to meet their own needs’’
(World Commission on Environment and Development
1987, p. 9). Unfortunately, in order to reach an agreement
among widely disparate parties, the concept of sustainable
development was kept deliberately vague and inherently
self-contradictory which resulted in the situation where,
in the words of ecologist David Reid, ‘‘endless streams
of academics and diplomats could spend many
comfortable hours trying to define it without success.’’
(Reid 1995, p. 212)

Within a few years after publication of the Brundtland
report, however, the international business community
stepped forward and took the opportunity to come up with
a more concrete definition of this rather fuzzy term. They
envisioned sustainable development to be a combination
of continued economic growth and environmental pro-
tection. For example, the International Chamber of Com-
merce stated that ‘‘sustainable development combines
environmental protection with economic growth and de-
velopment’’ (Welford 1997, p. 69). Similarly, the Business
Council for Sustainable Development, under the leader-
ship of the Swiss millionaire industrialist Stephan
Schmidheiny, agreed that ‘‘sustainable development com-
bines the objectives of growth with environmental
protection for a better future’’ (Welford 1997, p. 75). In the
U.S., the President’s Council on Sustainable Development
also believes that ‘‘it is essential to seek economic pros-
perity, environmental protection, and social equity
together (PCSD 1996, p. 1).’’ Similarly, the European
Organization for Economic Cooperation and Development
(OECD) issued a major report on eco-efficiency in an
effort to promote ‘‘sustainable’’ economic growth (OECD
1998).

In order to ensure that continued economic growth and
environmental protection can go hand in hand, business
leaders promoted the concept of ‘‘eco-efficiency’’ as the
primary tool for achieving industrial sustainability. In fact,
the Business Council for Sustainable Development origi-
nally coined the term eco-efficiency and defined it as
‘‘adding maximum value with minimum resource use and
minimum pollution.’’ (Welford 1997, p. 79). Or, more
specifically in the words of Stephan Schmidheiny:
‘‘Corporations that achieve ever more efficiency while
preventing pollution through good housekeeping, materi-
als substitution, cleaner technologies, and cleaner
products and that strive for more efficient use and

Original paper Clean Techn Environ Policy 5 (2003) 21–34

DOI 10.1007/s10098-002-0173-8

21

Received: 16 August 2002 / Accepted: 29 October 2002
Published online: 14 December 2002
	 Springer-Verlag 2002

M.H. Huesemann
Marine Science Laboratory, Pacific Northwest National Laboratory,
1529 West Sequim Bay Road, 98382 Sequim, WA, USA
E-mail: michael.huesemann@pnl.gov
Tel.: +1-360-6813618
Fax: +1-360-6813699

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 657.638 847.559 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil: Dot Gain 10%     RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICCGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile (Dot Gain 10%)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /UseDeviceIndependentColor     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



recovery of resources can be called ‘‘eco-efficient.’’
(Schmidheiny 1992, p. xii). The Business Council for
Sustainable Development also suggested that eco-efficien-
cy should be the main corporate response to the goal of
sustainable development (Welford 1997, DeSimone and
Popoff 1997).

In short, the complex societal challenge of sustainable
development was reduced to the purely technical problem
of improving industrial eco-efficiency or ‘‘producing more
with less’’ (World Commission on Environment and
Development, 1987, p. 206). It is the objective of this paper
to show that improvements in eco-efficiency alone cannot
guarantee sustainability of current western industrial
societies. However, before addressing four specific inher-
ent technological limits to sustainable development, we
will briefly review how eco-efficiency is thought to ensure
the sustainability of industrialized civilizations.

In search of sustainability: eco-efficiency and industrial
ecology
Despite the rather vague definition of the term
‘‘sustainable development’’ by the World Commission on
Environment and Development, both economists and
ecologists have attempted to provide a clear set of sus-
tainability criteria. Unfortunately, no consensus has been
achieved and two contrasting viewpoints have emerged.
One view held by many economists is that ‘‘weak sus-
tainability’’ is sufficient (Pearce and Atkinson 1993, Gutes
1996, Renning and Wiggering 1997). According to the
weak sustainability criterion, depletion of natural
resources is acceptable as long as the aggregate stock of
manufactured and natural assets is not decreasing, i.e.,
human made capital is used as a substitute for depleted
natural capital (Rees and Wackernagel 1995). This view-
point is opposed by many biologists and environmentally
minded economists who assert that natural capital stocks
need to be held constant independent of human capital in
order to guarantee (strong) sustainability (Constanza and
Daly 1992). Given the fact that human capital cannot in-
definitely substitute for an ever declining stock of natural
resources, it is clear that ‘‘strong’’ rather than ‘‘weak’’
sustainability is necessary to ensure that current economic
activities can continue without serious interruptions at
least in theory ad infinitum1. In fact, only two general
conditions need to be satisfied to ensure ‘‘strong’’ sus-
tainability over the long run (Daly 1980, Kuik and Verb-
ruggen 1991, O’Riodan 1993, Constanza and Patten 1995,
Ayres 1996, Azar et al. 1996, Daly 1996, Gutes 1996,
Renning and Wiggering 1997, Hueting and Reijnders
1998):

1. All raw materials used in industrial processes as well as
all energy must be supplied from renewable resources at

rates that do not exceed the regenerative capacity of the
respective eco-system (sustainable yield) and do not
cause any other disruptive environmental side-effects.

2. Wastes can only be released into the environment at a
rate compatible with the assimilation capacity of the
respective eco-system.

The first sustainability condition assures the long-term
supply of material and energy inputs that are extracted
from the environment to run industrial economies.
Considering that the quantities of any non-renewable
resources such as minerals and fossil fuels are inherently
limited, it is clear that the exploitation of these non-
renewables is by definition short-lived and therefore not
sustainable. However, as mentioned above, it has been
argued by certain economists (Pierce and Atkinson 1993,
Gutes 1996, Renning and Wiggering 1997) that it may be
permissible to use non-renewable resources as long as
renewable substitutes can be identified. For example,
according to this ‘‘weak’’ sustainability hypothesis, it is
acceptable to use up a given stock of fossil fuel energy if an
identical amount of renewable energy is captured and
stored for later use (e.g., by growing trees to compensate
for burning coal). Nevertheless, since the stock of non-
renewables will ultimately be depleted it is clear that this
substitution process cannot continue ad infinitum and
therefore is inherently not sustainable. Similarly, the
argument made by technological optimists like Sagoff
(1995) and Ausubel (1996) that other non-renewable
substitutes (e.g., natural gas for coal, petroleum-based
plastics for aluminum, etc.) can be found is also flawed
and short-sighted since the supplies of any non-renew-
ables are, by definition, limited (Skinner 1987, Ehrlich
1989, Youngquist 1997). Finally, it has been suggested that
the use of non-renewable materials is sustainable as long
as they are recycled. However, as will be explored in more
detail below, complete recycling is impossible from a
practical standpoint. In summary, substitution and recy-
cling strategies only delay the depletion of non-renewable
stocks and therefore may buy time in the transition to true
or strong sustainability, which ultimately is only guaran-
teed in an economy based on renewable resources.

The second sustainability condition assures the long-
term stability of the environment that ultimately receives
all outputs (e.g., wastes) from industrial economies. There
are a number of approaches for minimizing the environ-
mental impacts related to industrial activities. First, the
generation of waste is minimized by redesigning industrial
processes to avoid the formation of undesirable byprod-
ucts (i.e., pollution prevention) or by recycling wastes back
into the production system so that they never come into
contact with ecological receptors. Second, if any waste has
to be released into the environment it must be guaranteed
that the receiving eco-system can assimilate it without
problems. In order to assure this condition, wastes ideally
should be non-toxic, readily biodegradable or biologically
inert, and should be released at a rate that does not cause
harmful eco-system disturbances.

These different sustainability principles form the basis
of ‘‘industrial ecology’’, the newly formed ‘‘science of
sustainability’’ (Allenby 1999, p. xi), whose primary mis-

1 It is clear from historical evidence that all civilizations and cultures
have only a limited life span (Tainter 1988). Nevertheless, the two
sustainability conditions probably need to be satisfied merely to as-
sure the continued existence of industrial societies for the next
hundred years. In addition, the ‘‘ad infinitum’’ time horizon forces
one to think about all potential consequences of present economic
activities and to design sustainability criteria that do not transfer
costs into the distant future.
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sion is to improve the eco-efficiency of current industrial
systems (Allenby and Richard, 1994, Ayres and Simonis
1994, Graedel and Allenby 1995, Ayres and Ayres 1996,
DeSimone and Popoff 1997, Allenby 1999). As shown in
Fig. 1, current economic activities are unsustainable for at
least three major reasons. First, more than 90% of the
energy that drives the U.S. economy is derived from non-
renewable fossil fuels whose combustion byproducts such
as CO2, SO2, NOx, and particulates cause widespread air
pollution and global warming (Pimentel et al. 1994,
Houghton 1997). Second, almost all raw material inputs to
the economy consist of non-renewable minerals and
metals. For example, each U.S. citizen uses per year on
average 338 lb (153 kg) phosphate rock, 1,140 lb (517 kg)
iron and steel, 49 lb (22 kg) aluminum, 21 lb (9.5 kg)
copper, 14 lb (6.3 kg) lead and many other trace minerals
and metals (Youngquist 1997, p. 24). The third reason is
related to the fact that most materials flow in a linear
fashion through the economy (Fig. 1A). Natural resources
are extracted from the environment and refined into raw
materials that are then manufactured into consumer
products. After consumption, the resulting wastes are
returned to the environment where they often cause seri-
ous deterioration in the receiving ecosystems.

In order to avoid the numerous negative impacts as-
sociated with the dispersal of wastes into the environment,
industrial ecologists have focused to date most of their
attention on ‘‘closing the materials cycle’’ (Graedel and

Allenby 1995, Ayres and Ayres 1996, Allenby 1999). As
shown in Fig. 1B, it may in theory be possible to isolate the
economy almost completely from the environment by re-
cycling all wastes into materials that can then again be
manufactured into consumer products. If certain waste
materials cannot be recycled but have to be released into
the environment, it may also be possible to redesign in-
dustrial processes and systems in such a way to assure that
wastes are compatible with the absorption capacity of the
receiving eco-system and therefore cause only minimal
environmental disturbance. For example, in the last
decade, industrial ecologists have developed a wide range
of protocols and procedures for pollution prevention,
recycling, life-cycle analysis, design for environment,
green chemistry, and related topics with the overall goal
of reducing the negative environmental impacts, particu-
larly pollution, of current industrial activities.

While these various research activities will no doubt
improve the overall eco-efficiency of industrial economies,
it is highly questionable whether these technological steps
will achieve or even approach the desired goal of
sustainability (Graedel 2000). There are at least four major
reasons for this, all of which will be discussed next.

It is impossible to completely recycle all non-renewable
resources
Although the use of non-renewables such as metals and
minerals is clearly unsustainable in the long run, industrial

Fig. 1. A Present unsustainable polluting linear flow economy. B Future sustainable zero-emission circular flow economy
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ecologists and pollution prevention specialists have done
very little to develop renewable alternatives that can be
used as substitutes for non-renewables2. Instead, the main
approach has been to extend the current supply of non-
renewables by ‘‘closing the materials cycle’’ via recycling
and other process modifications.

According to pioneering industrial ecologist Robert
Ayres, non-renewables can be grouped into three classes
based on their technical and economical potential for
recycling (Ayres 1994). As shown in Table 1, it is both
technically and economically feasible to recycle non-
renewables belonging to class I. For example, recycling
rates for scrap metals like aluminum, copper, lead, nickel,
iron, and zinc range from around 25% to 50% and
therefore could still be improved significantly. While the
recycling of class II non-renewables such as packaging
materials and solvents is certainly possible from a tech-
nical standpoint, there have been very few incentives in the
U.S. to do so (e.g., bottle deposits). However, considering
the successful implementation of recycling regulations
dealing with consumer packaging materials in Germany
(Duales System Deutschland AG), it should be in principle
possible to recover most of them.

The remaining non-renewables belong to class III,
whose recycling potential is problematic from both a
technical and an economic perspective. Unfortunately,
most non-renewables belong to this category, as indicated
by the long list of examples given in Table 1. The current
use of these class III materials can be considered inher-
ently dissipative since they disperse widely in the envi-
ronment and become so diluted that it is impractical to
recover them for re-use. For example, how will it ever be
possible to recycle the potassium or phosphorus used as
agricultural fertilizers, the copper dispersed in fungicides,
the lead in widely applied paints, or the zinc oxides that
are present in the finely dispersed rubber powder that is
abraded from car tires?

It could be conceivably argued by optimistic industrial
ecologists that it is at least in principle possible to recycle
these highly dispersed materials if new technologies are

developed and if enough energy is applied to carry out this
purification and recycling process (Bianciardi et al. 1993,
Connelly and Koshland 1997, Ayres 1999). Complete
(100%) recycling occurs in nature all the time as evidenced
by the presence of biogeochemical cycles for carbon, ox-
ygen, nitrogen, phosphorus, and many other elements. The
cycling of these elements is carried out via a complex
system of biological transformation pathways that are
enzymatically catalyzed by microorganisms and plants and
driven by solar energy. The problem with the class III
materials listed in Table 1 is the fact that no circular bi-
ological transformation pathways exist for them in nature
and it will be extremely difficult to come up with new solar
energy driven biotechnologies to recycle these highly dis-
sipated materials (O’Connor 1994). Even if some type of
innovative recycling technologies for these class III com-
pounds could be developed (which is highly questionable),
it would take tremendous amounts of energy to carry out
the recycling process. Using the second law of thermody-
namics, it is possible to estimate the minimum energy
requirements for concentrating a highly dispersed non-
renewable resource. As expected, the energy needed for
purification increases drastically with decreasing material
concentrations in the environment. Specifically, the mole-
specific energy requirements (DE, W s/mol) can be cal-
culated as a function of the resource concentration xi

(mole fraction) according to the following equation3

(Faber et al. 1995, p. 113):

DE ¼ �RT ln xi þ
1� xi

xi
lnð1� xiÞ

� �
ð1Þ

where R is the ideal gas constant and T is the temperature
in kelvins. As shown in Fig. 2, energy requirements
sky-rocket as the material concentrations approach the
extremely low levels that are typical for highly dispersed
metals and minerals. Consequently, it is clear that enor-
mous amounts of energy would be required to collect,
purify, and recycle highly dissipative wastes such as those
listed as class III in Table 1. Considering the potential
negative environmental consequences associated with
sustainable (renewable) energy generation, a topic dis-
cussed in the next section, it is extremely unlikely that
there will ever be enough (cheap) energy available to re-
cycle these highly dispersed non-renewable materials from
the environment.

Table 1. Classes of non-
renewable resources based
ontheir potential for recycling
(adopted from Ayres 1994)

Class of
non-renewable
material

Recycling
technically
feasible

Recycling
economically
feasible

Examples

I Yes Yes Most industrial metals and catalysts
II Yes No Packaging materials, refrigerants, solvents, etc.
III No No Coatings, pigments, pesticides, herbicides,

germicides, preservatives, flocculants,
antifreezes, explosives, propellants,
fire-retardants, reagents, detergents,
fertilizers, fuels, lubricants, etc.

2 The main reason that substitution of non-renewables with renew-
ables has not occurred to a significant degree is that market prices,
which are often kept artificially low by subsidies and cost external-
ization, currently favor the use of non-renewables over renewables. In
order to promote substitution with renewables, economic policies will
have to be put in place that, at a minimum, reflect the true cost of
non-renewable resources by considering all social and environmental
externalities and by eliminating all subsidies to special interests, and
that ideally also tax the use of non-renewables to hasten the transition
to renewables.

3 This equation applies only to ideal mixtures. Considering that many
minerals are not found in ideal mixtures, this equation should be used
only as an approximation under these circumstances.
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In summary, the dissipative use of these class III non-
renewables poses two major problems for industrial ecol-
ogists in that it violates both sustainability conditions
outlined above: First, there is only a limited supply of these
trace metals and minerals and their costs will increase as
high-grade ores become depleted with time (Skinner 1987,
Youngquist 1997). Second, and more importantly, the
dispersal of these materials is causing major environ-
mental disruption. For example, anthropogenic world-
wide atmospheric emissions of arsenic, copper, lead,
manganese, mercury, nickel, vanadium, and zinc all sig-
nificantly exceed the natural (atmospheric) fluxes of these
compounds, indicating their likely potential for disturbing
natural cycles and disrupting sensitive eco-system func-
tions (Aryes 1994).

In conclusion, the use of non-renewable materials is
inherently unsustainable because the materials cycle
cannot ever be completely closed and the resulting
dispersed materials are likely to cause environmental
problems. Improvements in recycling efficiency will only
somewhat prolong the limited supply of non-renewables,
but this does not in itself guarantee sustainability. It
is therefore clear that the goal of true sustainability
can only be achieved by eliminating the use of non-
renewable resources and substituting renewables in their
place.

A transition to an economy based solely on renewable
feedstocks will be extremely difficult (Rees and
Wackernagel 1995, Clark 1997) and is unlikely to be
brought about by minor improvements in eco-efficiency
alone. Considering that the very development and
explosive growth of western industrialized economies
during the last 200 years was actually fueled by the
discovery, exploitation, and use of non-renewables such
as iron, coal, petroleum, trace-metals, minerals, etc.
(Youngquist 1997), it becomes obvious what a daunting
task it will be to reverse this deep-rooted and inherently
unsustainable path. Nothing but a complete redesign of

the very foundations on which industrial societies are
based is required to achieve inherent sustainability. In
fact, almost all current agricultural, industrial, and
economic activities would have to be drastically and
fundamentally changed. This will be a major challenge,
not only technically but also politically, socially, and
culturally. Clearly, it is naı̈ve to believe that tinkering
with eco-efficiencies alone will bring about a transition to
a sustainable society.

But even if the goal of eliminating the use of all non-
renewables could be achieved, this still would not per se
guarantee sustainability. This is because a significant
amount of energy is required to run the industrial
processes within the circular flow economy and the
generation of any energy is associated with negative
environmental impacts. Considering the limited amount
of remaining fossil fuels (Romm and Curtis 1996,
Campbell and Laherrere 1998) and the extreme long-term
hazards associated with nuclear energy generation, it is
clear that in the future all energy must come from
renewable sources, i.e., it must be directly or indirectly
derived from solar energy. However, as will be shown
next, it is impossible to generate renewable energy
without causing negative environmental impacts, which,
if large enough, would pose a threat to industrial and
cultural sustainability.

Large-scale renewable energy generation is likely
to have severe environmental impacts
It has been commonly assumed that renewable energy
generation is more environmentally friendly than the use
of nonrenewable energy sources such as fossil fuels or
nuclear power (Hayes 1977, Lovins 1977, Brower 1992,
Boyle 1996). While this assumption may be correct, it must
be realized that the capture and conversion of solar energy
will have significant negative environmental impacts,
especially if they are employed on such a large scale as
to supply nearly 100% of the U.S. energy demand (Abbasi
et al. 1995, Trainer 1995a).

Before discussing some of the potential negative im-
pacts of different solar energy technologies, it is useful to
review the implications of the second law of thermody-
namics in order to show that environmental impacts of
renewable energy generation are inherently unavoidable.
This is because the flux of solar energy (or neg-entropy)
onto Earth is used to create highly ordered (i.e., low
entropy) so-called ‘‘dissipative structures’’ in the envi-
ronment (Nicolis and Prigogine 1977, Atkins 1984, Ayres
1998a). Evidence of such structures can be seen in the
complexity of organisms, ecosystems, biodiversity, and
carbon and nitrogen cycles, all of which are maintained by
the constant in-flow of solar energy (Ayres and Martinas
1995).

If the flow of solar energy were to stop, as it ultimately
will in a few billion years, all these complex structures
would decay and reach a final equilibrium state where
entropy is maximized. Similarly, if humans divert a frac-
tion of solar energy away from the environment to create
ordered structures for their own purposes (i.e., houses,
appliances, transportation infrastructure, communication
systems, etc.), less energy is available to maintain highly

Fig. 2. Relationship between energy requirement and resource
concentration at 273 K according to Eq. (1). (based on Fig. 4.5 in
Faber et al. 1995)
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ordered dissipative structures in nature. The disturbance
of these structures translates into the various environ-
mental impacts that are associated with renewable energy
generation.

As shown in Fig. 3, the total amount of solar energy
(DEs) that is received on Earth can be viewed as the sum of
energy diverted for human purposes (DEh) and energy that
remains available to maintain ‘‘order’’ in the environment
(DEe):

DEs ¼ DEe þ DEh ð2Þ
According to the second law of thermodynamics, energy
(DE) is used to decrease the entropy (DS) (increase the
order) of a system at temperature T [K] according to
(Faber et al. 1995):

DE ¼ �TDS ð3Þ
Combining Eqs. (2) and (3) yields:

DEs ¼ �TDSe � TDSh ð4Þ
where DSe and DSh are the change in entropy (order) in the
environment and human-dominated sub-system, respec-
tively. Combining Eqs. (2) and (4), it follows that a change
of entropy in the environment is related to a change of
entropy in the human-dominated subsystem according to:

DSe ¼
�DEs

T
� DSh ð5Þ

Since the total flow of solar energy (DEs) is constant, it
follows that, for each unit of ‘‘order’’ (neg-entropy) created
by the diversion of solar energy in the human-dominated
subsystem, at least one unit of ‘‘disorder’’ (entropy) is
caused in the environment as evidenced by a wide range of
dierent environmental disturbances4.

Thus, the second law of thermodynamics dictates that it
is impossible to avoid environmental impacts (disorder)
when diverting solar energy for human purposes.This
prediction, based on the second law of thermodynamics,
should be no surprise considering the numerous roles
solar-based energy flows play in the environment (Holdren
et al. 1980, Haefele 1981, Clarke 1994). For example, direct
solar energy radiation is responsible for the heating of land
masses and oceans, the evaporation of water, and therefore
the functioning of the entire climatic system. Wind
transports heat, water, dust, pollen, and seeds. Rivers are
responsible for oxygenation, transport of nutrients and
organisms, erosion, and sedimentation. The capture of
solar energy via photosynthesis results in biomass that
provides the primary energy source for all living matter
and therefore plays a vital role in the maintenance of
ecosystems (Clarke 1994).

According to energy expert John Holdren, the potential
environmental problems with solar energy generation can
be summarized as follows: ‘‘Many of the potentially har-
nessable natural energy flows and stocks themselves play
crucial roles in shaping environmental conditions: sun-
light, wind, ocean heat, and the hydrologic cycle are the

central ingredients of climate; and biomass is not merely a
potential fuel for civilization but the actual fuel of the
entire biosphere. Clearly, large enough interventions in
these natural energy flows and stocks can have immediate
and adverse effects on environmental services essential to
human well-being’’ (Holdren et al. 1980, 248).

Table 2 summarizes the potential environmental im-
pacts for the six main renewable energy sources, i.e., direct
solar, solar thermal, photovoltaics, wind power, hydro-
electric, and biomass energy. These solar technologies
differ substantially in their requirement for land area.
While direct solar heating of buildings would not require
any additional area, the creation of new lakes for hydro-
electric energy generation and the establishment of bio-
mass plantations would require large areas of land. For
example, Pimentel et al. (1994) have estimated that ca. 20%
of the U.S. land area would have to be dedicated to solar
energy generation to produce 37 quads (10.7 · 1012 kWh),
which is only ca. 40% of current total U.S. energy demand.
From this it can be seen that the availability of land might
become a limiting factor in solar energy generation if close
to 100% of the future U.S. energy demand has to be
supplied by renewables.

It should also be noted that a large amount of renew-
able and non-renewable resources will be required to
manufacture the solar energy capture technologies. For
example, how much steel and concrete will be required to
build tens of millions of passive solar energy collectors and
photovoltaic solar panels or several million windmills?
(Bezdek et al. 1982, Bezdek 1993). Even using the best
precautions, some pollution will occur during the manu-
facture and use of solar energy technologies. A particular
concern may be the handling of the hundreds of millions
of lead batteries used in energy storage and the leaching of
fertilizers and pesticides that are applied in biomass
plantations.

Finally, some of the most difficult problems to assess
are potential eco-system impacts. These may range from
simple interventions such as the removal of shade trees to
bird and insect kills in windmills. Since photosynthetically
fixed energy (i.e., biomass) supports the great diversity of
species inhabiting ecosystems (Vitousek et al. 1986,
Wright 1990), it follows that removal of this energy source
will result in the endangerment and extinction of species.
For example, it has been determined that a reduction of

Fig. 3. Diversion of solar energy to human-related subsystems
results in entropy increase in the environment

4 For a discussion on how potential entropy increase is related to
negative environmental impacts, see also Ayres and Martinas (1995),
and Huesemann (2001).
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energy flow through an ecosystem will result in a con-
comitant loss of species as shown in the species-energy
curve in Fig. 4. Thus the greater the diversion of solar
energy for human purposes (DE), the greater the loss of
species diversity (DSP) (Wright 1990).

In summary, a wide range of negative environmental
impacts are associated with the capture, generation, and
storage of solar energy. These impacts are likely to be very
significant if close to 100% of the U.S. energy demand has
to be supplied by renewables, a condition that is becoming
more probable as non-renewable fossil energy sources
become much more expensive, especially after 2010, and as
the search for sustainable energy solutions becomes more
intense (Holdren 1990, Romm and Curtis 1996, Campbell
and Laherrere 1998). Consequently, while it may be in
principle possible to design future industrial processes
that are for the most part environmentally benign by
closing the materials cycle and using renewable feedstocks,
it is inherently impossible to produce large amounts of
solar energy without causing major environmental im-
pacts.

The fact that large-scale renewable energy generation
will create a wide range of negative environmental dis-
turbances could pose a problem for the long-term sus-
tainability of solar energy capture and use. As outlined in
the first sustainability condition above, renewable re-
sources including solar energy can only be ‘‘harvested’’ at
rates that do not exceed the respective regeneration rates.
If solar energy capture drastically disturbs important en-
vironmental functions, it is possible that these renewable
energy production processes are not sustainable over the
long run. For example, hydroelectric dams not only cause
serious eco-system disruptions (e.g., salmon migration)
but also interfere with the normal downstream transport
of silt. As a result, reservoirs fill up with sediments, which
means that most hydroelectric projects have only a limited
lifetime and are therefore not sustainable (Reisner 1986,
491).

While it may in principle be possible to develop solar
energy capture systems that are technically sustainable for
long periods of time, it is important to recognize that there
are actually many ‘‘sustainability states’’ that can be cho-
sen among those that are technically feasible. What type of
sustainability endpoint is aimed for critically depends onT
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Fig. 4. Reduction in the energy flow through the ecosystem will
result in a reduction of species in the respective ecosystem
(adapted from Wright 1990)
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our values and what type of world we want to create and
live in. According to Daly, we have to choose between
either anthropocentric or biocentric values (Daly 1996,
52). For example, two alternative visions of the future
could be imagined, both of which may be sustainable from
a purely technical perspective. Following the current
technocratic path, we could turn more than 50% of the
U.S. land area into short-rotation tree monocultures that
can be harvested for biomass energy at sustainable rates.
Similarly, we could dot the landscape with millions of huge
noisy windmills and unsightly power-poles and cover half
of American Southwest land area with photovoltaic cells.
We could also dam every conceivable river and creek and
push many aquatic species over the brink to extinction.
All this would be necessary to maintain the current
standard of living for the current U.S. population at the
cost of an impoverished environment that has few other
species, no wilderness, and is monotonous and sterile.
Alternatively, it could be envisioned that we simplify
our lifestyle, drastically reduce population, and only
minimally interfere with natural processes to meet our
limited energy needs. As a result, we would live in a world
that is rich in diversity and natural beauty. The choice is
ours!

Using renewable energy as an example, it is therefore
clear that sustainability involves more than just the tech-
nical issue of eco-efficiency. There are, in fact, different
degrees of sustainability we can aim for and our choice
depends on our values and vision of the future5. Im-
provements in eco-efficiency are unable to deal with these
vital matters. This is not surprising since eco-efficiency
addresses only the technical means of improving envi-
ronmental performance but not the ultimate goal of
actually defining sustainability.

Based on the above analyses it follows that it will be
extremely difficult to avoid the many negative environ-
mental impacts caused by industrial activities because it
is impossible to completely close the materials cycle, and
large-scale renewable energy generation is likely to cause
numerous environmental problems. In case these argu-
ments are not convincing to the multitude of techno-
logical optimists who believe that human ingenuity can
solve any problems (Sagoff 1995, Ausubel 1996) and that
it therefore should be in principle possible to design
‘‘clean’’ and ‘‘environmentally friendly’’ industrial econ-
omies, it may be constructive to review the second law of
thermodynamics. As will be discussed next, it is inher-
ently impossible from a thermodynamic viewpoint to
design industrial technologies that have no negative en-
vironmental impacts.

According to the second law of thermodynamics,
all industrial production technologies have inherently
unavoidable environmental impacts
The second law of thermodynamics states that the total
entropy (S) within a closed system undergoing change
must always increase with time (Prigogine 1961, Balzhiser
et al. 1972, Rifkin 1980, Atkins 1984, Prigogine 1989, Ayres
1998a). Since entropy can be related to the chaos or dis-
order of a system via the Boltzmann equation (Atkins
1984), this is equivalent to stating that disorder must
increase in closed systems. However, it is possible to
increase the order within a small subsystem at the expense
of creating more disorder in the rest of the system.

Consider, for example, the overall system of planet earth
(PE) which can conceptually be divided into two domains
(see also Fig. 1), namely the human-based economy
(ECON) and the natural environment (ENV). Since most
current industrial and economic activities are driven by
non-renewable energy sources (>90 — see Pimentel et al.
1994) and do not require solar energy, we can—as a first
approximation—formulate the simplifying assumption
that from an economic perspective planet Earth is a closed
system that does not receive matter or energy from outer
space6. Then, according to the second law of thermody-
namics, the total entropy of the closed system planet Earth
(DSPE) must increase with time as follows:

DSPE ¼ DSECON þ DSENV > 0 ð6Þ
where DSECON and DSENV are the changes in entropy of the
human economy and natural environment, respectively.
Rearranging Eq. (6) yields:

DSENV > �DSECON ð7Þ
This Eq. (7) can be interpreted as follows: For each unit of
‘‘order’’ or neg-entropy ()DSECON) that is created in the
human-based economy, more than one unit of ‘‘disorder’’
or entropy (DSENV) is created in the surrounding
environment.

As was mentioned earlier, the human-generated
‘‘order’’ is generally related to the many physical artifacts
and activities that are considered signs of civilization such
as the endless array of consumer goods and services. In
practice, a wide range of mining, manufacturing, trans-
portation, and communication technologies are employed
to create this highly ordered human environment. The
second law of thermodynamics states that this ordered
human environment cannot be created and maintained
without causing more disorder elsewhere (Aryes and Nair
1984)7.

This concomitant disorder created in the surrounding
environment manifests itself in a wide range of health and
environmental impacts. Since entropy is a measure of
chaos or disorder, a number of investigators have in fact
proposed entropy increase in the environment as an al-5 The fact that there is not just one fixed sustainability state but

probably many different ones is also reflected in the analysis by Da-
vidson (2000) who questions that there is a fixed environmental limit
to economic growth. Instead, it is more reasonable to assume that
environmental destruction occurs along a continuum and that, to use
Davidson’s tapestry metaphor, the beauty and functioning of the
tapestry (i.e., biological systems) are gradually diminished as indi-
vidual threads (i.e., species, beautiful places, and life-support servic-
es) are removed as a result of increasing economic growth.

6 The fact that almost all present-day economic activities could con-
tinue unabated at night is evidence that they are almost completely
uncoupled from the inflow of solar energy. Nevertheless, the con-
clusions reached in Eq. (7) also hold for open systems see Eq. (5).
7 According to Rifkin: ‘‘Each technology always creates a temporary
island of order at the expense of greater disorder in the surround-
ings.’’ (Rifkin 1980, 123).
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ternative measure for pollution. For example, Kuemmel
(1989) has used entropy as a pollution indicator in mac-
roeconomic modeling and Faber et al. (1995) have sug-
gested the formulation of a pollution function in which
entropy increase, due to dispersal and reaction of specific
contaminants, is used as an aggregated measure of pollu-
tion. The use of entropy as a substitute indicator for
environmental disturbance has also been recommended by
Ayres who notes: ‘‘As waste materials approach local
equilibrium with the environment, the potential for future
entropy generation is a measure of their potential for
driving uncontrolled chemical or physical processes in
environmental systems. Eco-toxicity is nothing more or
less than environmental disturbance. Thus, potential en-
tropy can be regarded as a measure of the a priori prob-
ability of eco-toxicity8’’ (Ayres and Martinas 1995).

Using the above analyses, Eq. (7) can then also be in-
terpreted as follows: For each unit of economic activity in
the techno-sphere, more than one unit of environmental
disruption is created in the bio-sphere. This fact was
recognized several decades ago by N. Georgescu-Roegen,
an economist who was the first to include entropy con-
siderations in economic theory (Georgescu-Roegen 1971,
1977), who stated: ‘‘no one has realized that we cannot
produce ‘better and bigger’ refrigerators, automobiles, or
jet planes without producing also ‘better and bigger’
waste.’’ (Georgescu-Roegen 1980, p. 55).

If one defines ‘‘eco-efficiency’’ as the number of units of
environmental disruption per unit economic activity
(GDP)9, it is clear that the second law of thermodynamics
sets a lower limit beyond which it is impossible to improve
eco-efficiency further (Ayres and Miller 1980, Ruth and
Bullard 1993). In short, the environmental impact of
current industrial and economic activities may be
substantially reduced through R&D in industrial ecology
and its allied disciplines (Sagoff 1995, Ausubel 1996), but it
can never be reduced to zero (Cleveland and Ruth 1999,
Ehrlich et al. 1999). As will be discussed next, the latter
point is of extreme importance if one considers the role
that various societal factors play in contributing to the
overall magnitude of environmental problems.

Improvements in eco-efficiency alone will not reduce
the total environmental impacts if growth in consumption
and population continues unrestrained
The total environmental impact of human economic ac-
tivities is not solely caused by polluting technologies (T)
but is also dependent on societal factors such as the size of
the ‘‘consumer’’ population (P) and the per capita
affluence (A). According to the commonly used ‘‘master
equation’’, the cumulative environmental impact (I) can be
estimated as the product of technological (T) and societal

factors (P and A) as follows (Ehrlich and Holdren 1971,
Graedel and Allenby 1995)10:

Environmental Impact¼PAT

¼Population�GDP=Person

�Environmental Impact=Unit GDP

¼GDP�Eco�Efficiency ð8Þ

The term ‘‘Environmental Impact/Unit GDP’’ is often
referred to as the ‘‘technology factor’’, reflecting the idea
that technological improvements in eco-efficiency can be
counted on as the main strategy in reducing the environ-
mental impact of current economic activities (Allenby and
Richards 1994, Ayres and Simonis 1994, Ausubel 1996,
Ayres and Ayres 1996, DeSimone and Popoff 1997, Graedel
and Allenby 1995, Allenby 1999). However, as has been
pointed out above, the extent to which technology can
improve the environmental performance of industrial
economies is bounded by the second law of thermody-
namics, i.e., the technology factor (T) can never become
zero.

Recent estimates on the potential degrees to which eco-
efficiencies can be improved have varied widely (Reijnders
1998). However, most researchers agree that an increase in
eco-efficiency by a factor of two (i.e., a reduction of the T
-factor by 50%) should be achievable in a relatively short
time frame. For example, Von Weizsacker et al. (1997)
provide numerous examples where the use of raw mate-
rials (i.e., the materials intensity) can be cut in half while
maintaining economic growth. Similarly, various studies
have shown that it should be possible to improve the en-
ergy efficiency of the overall economy (i.e., the energy
intensity) by a factor of two (Williams 1987, Carlsmith et al.
1990). However, any further improvements in eco-effi-
ciency would require substantial investments in research
and development, and goals to achieve a ‘‘dematerializa-
tion’’ of the economy by a factor 10 reflect, in the words of
Dutch industrial ecologist Reijnders, ‘‘a remarkable tech-
nological optimism’’ (Reijnders 1998, 13).

Assuming then that a two-fold improvement in eco-
efficiency—or equivalently a 50% reduction in the T -
factor—can be achieved within the next 20 to 30 years11, it
is possible to predict the change in the total environmental
impact using Eq. (8). Figure 5 shows the relative magni-
tudes of eco-efficiency (T), the size of the economy (GDP),
and total environmental impact (I) as a function of time
assuming an annual GDP growth rate of 2.5%, a target

8 It should be noted that the correlation between entropy increase and
environmental damage is currently a hypothesis that requires verifi-
cation using field and laboratory data. For a more in-depth discussion
of this topic, the reader should refer to Cleveland and Ruth (1997),
Connelly and Koshland (1997), Glasby (1988), Huesemann (2001),
O’Connor (1994), and Ruth (1993, 1995, 1996).
9 For comparison, energy intensity is defined as energy use per unit of
GDP (Graedel and Allenby 1995, p. 19).

10 As a first order approximation, it is assumed here that P, A,
and T are independent variables that exhibit no significant in-
teractions among them. However, as has been pointed out by
Holdren (1991) and has been discussed in detail by Gaffin (1998)
and O’Neill et al. (2001), these three variables are likely to in-
fluence each other, often in unexpected and complicated ways.
Nevertheless, in order to obtain an approximate estimate of the
total environmental impact (I) in terms of the separate contri-
butions of P, A, and T, most investigators for simplicity assume
that P, A, and T are independent of each other.
11 For comparison, it took ca. 25 years (1959–1984) to reduce the
energy intensity (energy use per unit GDP) of the U.S. economy by
50% (Graedel and Allenby 1995, p. 19).
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recommended by the President’s Council on Sustainable
Development (PCSD 1996).

As can be seen in Fig. 5, the total environmental impact
decreases initially as improvements in eco-efficiencies
occur faster than the simultaneous growth of the economy.
However, after about 11 years there are no further re-
ductions in the environmental impact as economic growth
starts to outpace technological improvements in eco-effi-
ciency. In fact, the total environmental impact starts to
increase slowly and after 25 years has the same magnitude
as it was initially. Unless eco-efficiency is improved again
drastically at this point, the total environmental impact
will continue to increase as long as the size of the economy
is growing at a steady rate.

Based on the conceptual analysis shown in Fig. 5, it is
possible to divide the eco-efficiency improvement process
into two phases. During phase I, economic growth and
enhanced environmental protection can go hand in hand,
while during phase II continued economic growth in the
absence of further eco-efficiency improvements will result
in a progressive deterioration in environmental quality.
Consequently, the commonly proclaimed statement by
politicians and corporate leaders that it is possible to have
both economic growth and environmental protection is at
best a half-truth. It is only true for the short-term (i.e.,
phase I), when eco-efficiency improvements are occurring
faster than increases in the size of the economy. However,
this optimistic viewpoint is clearly incorrect in the long
run (i.e., phase II), when continued economic growth will
sooner or later outpace any improvements in eco-effi-
ciency, since these will either become cost-prohibitive due
to the law of diminishing returns characteristic of

technological innovations or because of ultimate
thermodynamic constraints.

The assertion that improved eco-efficiencies will not
necessarily lead to decreased total environmental impact
was proven correct by Ehrlich et al. (1999), who found that
the total materials use, a proxy for total environmental
impact, increased by up to 30% from 1975 to 1995 in the
four countries studied (U.S.A., Germany, Netherlands,
Japan) despite the fact that the materials use intensity (i.e.,
materials used per GDP) decreased approximately 30%
during the same time period. Any hard-won improve-
ments in materials use efficiency were clearly outpaced by
simultaneous increases in the per capita consumption (A)
and the size of the population (P), particularly in the
United States. Similarly, in a study of dematerialization
indicators, Cleveland and Ruth (1999) caution against the
naı̈ve belief that ‘‘technical change, substitution and a shift
to the information age inexorably lead to decreased ma-
terials intensity and reduced environmental impact.’’ They
also warn that, despite improvements in the efficiency of
use of individual materials, overall aggregate economic
growth could increase total material consumption.

It is therefore clear that improvements in eco-efficiency
alone can never guarantee the long-term reduction in
environmental impacts or a transition to a sustainable
society. A cursory analysis of Eq. (8) shows that eco-
efficiency improvements could have a positive effect if the
size of the economy (GDP) were to remain constant.
However, historical evidence indicates that technological
innovation has never been used to stabilize the size of the
economy; in fact, technology’s main role has always been
exactly the opposite, namely the enhancement of industrial
productivity, consumption, and economic growth (Sam-
uelson and Nordhaus 1989, Schnaiberg and Gould 1994,
Braun 1995, Nelson 1996). For example, labor-saving
machinery and automation have been introduced to in-
crease the efficiency of industrial production and thereby
overcome the limitations that slow and expensive manual
labor pose to economic expansion. Similarly, eco-effi-
ciency improvements attempt to reduce the constraints
that environmental pollution makes on industrial pro-
ductivity growth. For instance, a plant’s production cannot
continue or expand if surrounding communities find the
resulting air and water pollution unacceptable. Any
improvements in air pollution control or waste water
treatment will assure that the plant’s production can
resume or even expand. In summary, improvements in
technological efficiency, including eco-efficiency, are
always used to further the goal of industrial and economic
expansion.

It is therefore ironic that eco-efficiency improvements
are developed to ameliorate the various negative envi-
ronmental impacts associated with economic growth while
at the same time they actually promote further industrial
and economic expansion. Since industrial ecology and
pollution prevention strategies are addressing only the
symptoms (i.e., pollution, etc.) of economic growth while
ignoring the root-causes of unsustainability (i.e., economic
growth), it can be concluded that most eco-efficiency en-
hancements are nothing more than short-term techno-
fixes that delay the appearance of symptoms until they

Fig. 5. Predicted changes in total environmental impact (I)
according to Eq. (8) assuming a GDP growth rate of 2.5% per
year and a maximum improvement in eco-efficiency (T) by a
factor of two within the next 25 years
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reappear in even more serious form at a later time. For
example, better gas mileage for automobiles will reduce
not only the amount of air pollution but also the fuel costs
per mile driven. However, these fuel efficiency improve-
ments will not lead to less overall automobile-caused air
pollution if due to the resulting lower transportation costs
people drive longer distances (A) and if the population of
car drivers (P) continues to increase, as it has been doing
steadily ever since the invention of this ubiquitous
technological artifact (Schnaiberg and Gould 1994, Graedel
and Allenby 1998). Thus, while fuel efficiencies are
improved with the intention of reducing overall air
pollution and greenhouse gas emissions, the long-term
effects are in many ways worse than was initially antici-
pated: more cars, more traffic, more congestion, more
development of the transportation infrastructure, more
urban sprawl, and more use of material resources such as
iron and concrete for highway construction, not less air
pollution.

The fact that improvements in resource use efficien-
cies often result in an increased rather than a decreased
aggregate consumption of the very same resource that
was supposed to be conserved has been observed in
many different spheres of the economy and is termed
the rebound effect or Jevon’s paradox (Rees and Wa-
ckernagel 1995, Mayumi et al. 1998, Cleveland and Ruth
1999). The reason for this unexpected finding is that
efficiency gains look to consumers a lot like price re-
ductions, which in turn increase the demand for energy
and material resources directly through price elasticity
effects or indirectly through the release of additional
purchasing power that is redirected to other energy- and
resources-using goods and services (Cleveland and Ruth
1999). This explains why energy efficiency gains since
the Industrial Revolution have always gone hand in
hand with increasing energy usage (Greenhalgh 1990).
Similarly, the rebound effect is probably at least partially
responsible for the fact that, despite improvements in
the materials use per GDP, total materials use for
countries such as the U.S.A., Germany, the Netherlands,
and Japan has not decreased due to concomitant in-
creases in per capita consumption (A) and population
size (P) (Ehrlich et al. 1999).

It should therefore be clear that sustainability can
only be achieved in the long run if the root causes of
unsustainable behavior are successfully addressed. These
are primarily our society’s obsession with economic
growth, which in turn is driven by an excessive desire
for affluence (A) and a lack of limits on population
growth (P). But the modifications of greed and procre-
ation are obviously ethical and not technological issues.
They require a commitment by people to change their
deep-seated values and modify their destructive behav-
ior. Eco-efficiency improvements cannot help to bring
about this necessary change in values and behavior. At
best, enhancements in eco-efficiency can buy some time
for social and ethical action to address the underlying
causes (Allenby 1999). Unfortunately no public discus-
sion about the problems related to economic growth is
taking place, probably because political and corporate
leaders continuously bombard us with the half-truth that

both economic growth and environmental protection are
possible. Thus, technological optimism in eco-efficiency
is in fact used to inhibit the much needed public dis-
course about the underlying causes of unsustainability.
Consequently, current efforts at improving industrial
eco-efficiency without addressing overconsumption and
overpopulation are nothing more than, ‘‘putting off a
socially and economically disruptive day of reckoning.’’
(Stunkel and Sarsar 1994, 82).

The single-minded focus on technological eco-effi-
ciency improvements may to a certain extent be justifi-
able and excusable if indeed various negative
environmental consequences can be delayed by a few
years. In reality, however, these harmful effects are not
only delayed but often grow in complexity and severity as
society continues down the inherently unsustainable path
of economic expansion. In fact, the longer society moves
in the wrong direction, the fewer options it will have in
the future to respond to these extremely complex prob-
lems. Consider, for example, how difficult it will be to
reverse our current dependence on the automobile. While
the situation is certainly already bad, it will surely not be
improved by a technology-induced expansion of auto-
mobile usage that in turn will most likely result in con-
tinuing changes in our settlement patterns. Unfortunately,
as soon as new developments in housing and transpor-
tation systems are completed in response to greater au-
tomobile use, it is virtually impossible to change this
rigid infrastructure. If society were forced for environ-
mental or economic reasons to curtail automobile use in
the future, it would have very few workable options to
respond to this problem. Therefore, without restraints on
economic growth, all technological improvements, in-
cluding those in eco-efficiency, will only accelerate the
speed with which we reach the unpleasant situation where
we have almost completely lost our freedom to choose
satisfying solutions for addressing the challenge of long-
term sustainability.

Conclusions
It is clear from the above analysis that a transition to a
sustainable society poses a number of serious techno-
logical challenges. First, considering that the very
foundations of western industrial societies are based on
the exploitation of non-renewable minerals and fuels, it
will be extremely difficult to switch to an industrial and
economic system based solely on renewable resources.
Clearly, the continuing use of non-renewables is inher-
ently unsustainable because of finite material supplies
and the fact that 100% recycling is impossible. Second,
given the limited supply of non-renewable fuels (fossil
and nuclear), long-term sustainability can only be
guaranteed if all energy is derived directly or indirectly
from the sun. However, if the current U.S. energy
demand would have to be supplied solely from solar
sources, a wide range of serious and unavoidable
negative environmental impacts are likely to result.
Third, even the best of human ingenuity and the greatest
technological optimism are bounded by the second law
of thermodynamics, which dictates that all industrial and
economic activities have unavoidable negative environ-
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mental consequences. Fourth and finally, improvements
in eco-efficiency alone will not guarantee a reduction in
the total environmental impact if economic growth is
allowed to continue. Unless growth in both population
and consumption is restrained, these technological
improvements only delay the onset of negative conse-
quences that, as a result, will have increased in severity,
thereby reducing our freedom to choose satisfying
solutions.

It is therefore clear that, in direct contradiction to the
proclamations by many politicians and business people,
eco-efficiency improvements alone can never assure the
transition to sustainability. This point has also been
repeatedly been made by many leading industrial ecol-
ogists. For example, Allenby (1999, p. 57) states: ‘‘... the
evident limits to technological fixes are instructive:
Consumers and society as a whole must not be left with
the impression that simply relying on technology will
avoid the need for difficult and complex political deci-
sions. Better technology can buy time, but it cannot by
itself buy sustainability.’’ Similarly, Ayres (1998b, p.
366A) is also convinced that: ‘‘even if manufacturers
produced as eco-efficiently as possible and eliminated all
production wastes, the global system would be inher-
ently unsustainable.’’ In a recent article on the future of
industrial ecology, Graedel (2000, p. 28A) is similarly
questioning ‘‘whether these (technological) steps will
achieve or even approach the desired aim of sustain-
ability, which will require much more than a modest
perturbation of today’s technological society.’’ Duchin
and Lange (1994) used Leontief’s world input-output
model and also found that even the most strict efficiency
standards proposed by the Brundtland report would not
result in sustainability. Finally, steady-state economist
Daly (1994, p. 96) recognized the limits of technological
approaches long ago when he wrote: ‘‘... but unless the
underlying growth paradigm and its supporting values
are altered, all the technical prowess and manipulative
cleverness in the world will not solve our problems and,
in fact, will make them worse.’’

The principle reason why technological solutions by
themselves are inherently insufficient in bringing about a
transition to sustainability is related to a profound con-
fusion between means and ends: It is currently believed
that a change in technological means (i.e., eco-efficiency)
will bring about a change in the end (i.e., sustainability).
However, this is impossible since the endpoint of sus-
tainability has never been defined. In fact, as was indicated
above, the present goal is clearly still economic growth,
and improvements in eco-efficiency actually promote this
growth. Thus, as long as the goal is inherently unsus-
tainable, no improvement in technological efficiency will
ever bring about the opposite. As Daly (1980, p. 353)
rightly mentioned earlier: ‘‘... if our ends are perversely
ordered, then it is better that we should be inefficient in
allocating means to their service.’’ Thus, as long as there a
commitment to inherently unsustainable goals such as
economic expansion and growth, it may actually be better
not to improve eco-efficiency in order to slow down the
speed at which we travel in the wrong direction.

It is clear from the above discussion that eco-efficiency
improvements are only useful if the endpoint is sustain-
ability rather than economic growth. The first step in the
right direction would be a transition to a steady-state
economy where the throughput of matter-energy (i.e., the
product of A and P, see Eq. 8) is held at ‘‘sustainable’’
levels (Daly 1980, Daly 1996). At present, nobody knows
exactly what magnitude of matter-energy throughput is
sustainable; the important point is that it must have an
upper limit. As was pointed out earlier, the size of this
upper limit is not only determined by technical and
scientific considerations but is also strongly affected by
ethical and social factors. For example, the size of the
maximum sustainable matter-energy throughput depends
on what type of world we would like to live in and whether
we strive for an anthropocentric or biocentric optimum
(Daly 1996, 52). Clearly, a society with strong biocentric
values would choose a much smaller maximum matter-
energy throughput than a society with a deep-seated
anthropocentric bias.

In conclusion, improvements in eco-efficiency will only
be effective if there is a commitment by society to limit the
total throughput of matter-energy at sustainable levels.
This most certainly would mean an end to the current
addiction to economic growth and a transition to a steady-
state economy. To achieve this it will be necessary to
severely restrict and reverse population growth (Ehrlich
and Ehrlich 1991) and to simplify our lifestyle by reducing
our preoccupation with excessive consumption (Durning
1992, Trainer 1995b). It is clear that these required
changes will pose serious ethical, social, and political
challenges to the status quo. The very first step towards
sustainability would therefore be a public discussion of
these complicated and controversial value-laden issues.
Unfortunately, this much needed public discourse on the
personal, social, economic, and political changes necessary
to achieve a sustainable society is not taking place, most
likely because many are led to believe that technological
solutions alone will be sufficient to guarantee sustain-
ability. Nothing could be further from the truth.

Disclaimer
The views expressed in this article are solely those of the
author and do not necessarily reflect the official position of
Battelle Memorial Institute, Pacific Northwest National
Laboratory, or the U.S. Department of Energy.
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