Chapter 4
Industrial Ecology and Cities

Christopher A. Kennedy

Abstract The study of cities, or urban systems, in Industrial Ecology has a peculiar
history. In the 1960s, there was a false dawn for green cities in the United States
under the Experimental City project, the unfulfilled plans for which included numer-
ous aspects of Industrial Ecology (IE). When IE eventually began to form as a dis-
cipline in the 1990s, cities or urban systems were at best a fringe topic, although
their importance was recognized by thought leaders in the field. The development of
research on cities as a theme within IE perhaps followed with the broadening of IE
to include Social Ecology. Then the study of urban metabolism, which had its own
separate literature, arguably became one of the three metabolisms within IE — along
with industrial and socio-economic. In this review of work on IE and cities, a Scopus
search of ISI-rated publications finds over 200 papers on the topic, many of which
are in the Journal of Industrial Ecology. Amongst the common themes are papers
on urban industrial symbiosis, urban infrastructure frameworks, transportation,
waste, energy, greenhouse gas emissions, other urban contaminants, metals, phos-
phorus and food in cities. The great ongoing challenge for work on IE and cities
remains to understand the environmental impacts related to urban metabolism and
attempt to reduce them. More specific examples of possible future work include
determining potentials for city-scale industrial symbiosis and uncovering how much
is occurring and exploring theoretical limits to the sustainability of cities using non-
equilibrium thermodynamics.
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70 C.A. Kennedy
1 A False Dawn

Between 1966 and 1973, a sustained attempt was made to initiate the construction
of an experimental green city in rural Minnesota, USA (Wildermuth 2008).
Promoted as a solution to the problems of inner city decay and growing concerns
about environmental pollution, a site for the space age city was selected, in 1972,
near the small community of Swatara, 130 miles north of Minneapolis. The vision
for the city, stemming largely from its influential brainchild Athelstan Spilhaus,
contained concepts that are today central to Industrial Ecology. The Experimental
City would not generate any wastes, as all residuals would become useful sub-
stances. The city regulations would exclude polluting industries. Transport would
be by a guideway network system, eliminating the need for cars. Furnace sewers
would pump away any polluted air produced by delivery trucks in the underground
service roads. Water would be completely recycled. Even buildings and infrastruc-
ture would be constructed from precast modular parts that could be adapted or
reused to meet the changing needs of future generations. Energy supply for the city
would be provided by a fossil-fuel-free power plant, likely nuclear, located at the
city centre. No single part of the city was ever constructed — it was a utopian dream
with many failings — but it was backed by powerful politicians and received hun-
dreds of thousands of dollars in supporting grants over the 7 years of planning.
The initial instigator of the Experimental City was a scientist of the highest stand-
ing (Wildermuth 2008). Athelstan Spilhaus (1911-1998) was a South-African born
geophysicist and oceanographer who is credited with developing the bathythermo-
graph while working with the Woods Hole Oceanographic Institution in
Massachusetts. The device, which provides measurements of ocean depth and tem-
peratures from moving vessels, was important for the United States in submarine
warfare during WWII and helped establish Spilhaus as a scientist of notoriety. In
January 1949, at age 37, he was appointed Dean at the University of Minnesota’s
Institute of Technology. It was at Minnesota that his interest in future cities first
began, but Spilhaus was also engaged in a broad range of scientific issues. In 1957,
he began a scientific comic strip known as “Our New Age” which was published in
102 US and 19 foreign newspapers. From 1954 to 1958, he was US representative on
the executive board of UNESCO and was the commissioner of a hugely successful
popular science exhibit at the 1962 World Fair in Seattle. Following publication of an
article on The Experimental City in Science magazine (Spilhaus 1968), he became
President of the American Association for the Advancement of Science in 1969.
The aspects of Industrial Ecology in the Experimental City link back to Spilhaus’
role as the Chair of the Committee on Pollution of the National Academy of Sciences
and National Research Council. As early as 1961, Spilhaus had observed that
“Waste ... is some useful substance that we don’t know how to use or we don’t yet
know how to use economically” (quoted in Wildermuth 2008: 59). The national
committee on pollution, which Spilhaus chaired from 1963, recognized that grow-
ing environment challenges in the United States were linked to increasing population
and urbanization. A report by the committee published in 1967 had some bold solu-
tions; it proposed “closed system” manufacturing, under which goods were
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“designed in the first place with the return to the factory for remaking and reuse in
mind” (Wildermuth 2008: 64; Committee on Pollution 1966: 06). Spilhaus’ later
writings on the Experimental City recognized the dematerialization strategy of sell-
ing services rather than products: “Instead of owning things in the future, you will
own the services that the things will give you” (Wildermuth 2008: 113). In an article
on the Experimental City, he also notes “There are examples of industrial symbiosis
where one industry feeds off, or at least neutralizes, the wastes of another...” and he
provides several examples (Spilhaus 1967: 1131). Recognizing American cities to
be the hot spots for pollution, Spilhaus’ committee had at first decided to conduct a
case study in the highly urbanized Delaware River Basin. Getting data on pollution
for the urban area proved, however, to be too challenging due to the myriad of state,
county and municipal governments involved (a common challenge for urban metab-
olism studies). It was this experience with the frustrating institutional structures
within existing cities that to a large extend encouraged Silhaus to pursue his vision
of a full-scale experimental new city.

There were other powerful actors supporting the Experimental City idea
(Wildermuth 2008). Back in Minneapolis, working in parallel to Spilhaus at first,
newspaper executive Otto Silha had taken an interest in the idea of enclosed cities
that had been popularized by Buckminster Fuller. Silha had strong connections to
government and industry — including the US Vice President Hubert Humphrey, who
was a former mayor of Minneapolis. Keen to see Minnesota lead the country on
building new cities, Silha assembled a powerful steering committee and co-opted
Spilhaus to be the front man for the project. Other members of the steering commit-
tee included a retired four-star general, a former economic advisor to President
Kennedy, the personal physician of President Johnson, and further representatives
from government, industry, labour unions, foundations and academia, as well as
Buckminster Fuller. In May 1966, Silha’s committee received $248,000 in federal
funding to kick-start the planning of the city, with more to follow. Federal support
for the Experimental City later waned, but then the state government took a stronger
role. On June 4, 1971, Minnesota Governor Wendell Anderson even signed legisla-
tion to create a new state agency known as the Minnesota Experimental City
Authority.

The great plans for the Experimental City came to nothing, however, due to a
variety of reasons. First Spilhaus’ vision of the city was utopian, and he was inflex-
ible with many details. The utopian aspects were not so much the ambitious techno-
logical features, although some no doubt still needed to be worked out but lay with
the social and cultural dimensions. Spilhaus argued that the city should be designed
for a fixed population of 250,000 people, no more or less, and that potential resi-
dents would have to be screened to achieve the right balance of required profes-
sions. Spilhaus saw the city as being a perfectible machine and ignored the
aspirations of regular people. Even after Spilhaus withdrew from the implementa-
tion efforts, Silha’s committee continued to make mistakes. In choosing a possible
site for the Experimental City, they failed to suitably engage environmentalists or
local people, the majority of whom saw urbanization of their rural surroundings to
be deplorable. Ultimately, the effort failed on both cultural and environmental
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grounds. As one of the local citizen’s group concluded: “the idea of relocating pop-
ulation masses rather than treating and solving problems of cities where they exist
is just as repugnant as ... timbering without reforestation...” (Wildermuth 2008:
231). With the failure of the Experimental City project, opportunities to make prog-
ress on both green cities and Industrial Ecology were lost.

2 Formative Years of IE

When Industrial Ecology did emerge in North America around the 1990s, the sub-
ject of green cities or urban systems was at first largely absent. This can be seen
from examining the contents of early books and conference proceedings in the for-
mative years of Industrial Ecology (Table 4.1). Georg Winter’s 1988 book on
Business and the Environment considers IE from a corporate perspective; it does
have advice for companies with respect to buildings, but gives no mention to cities.
Contributors to a broad purview of intersections between technology and the envi-
ronment (Ausubel and Sladovich 1989) mention issues of air pollution in cities and
the management of municipal solid waste, but none give specific focus to cities. On
May 20-21, 1991, Kumar Patel organized a colloquium on Industrial Ecology at the
US National Academy of Sciences; the 23 papers from the meeting, none of which
were on cities, were published in Proceedings of the National Academy of Sciences.
A further early publication in which cities are omitted is a collection of papers
edited by Brad Allenby and Deanna Richards (1994). There are also examples of IE
principles being applied earlier than the 1990s outside of North America — such as
in Japan in the early 1970s (Erkman 1997). The report from a US-Japan Workshop
on Industrial Ecology, held March 1-3, 1993, in Irvine, California, however, has no
mention of urban issues either from Japanese or American perspectives (Richards
and Fullerton 1994). Of course, it may be the case that cities were considered in
other early literature pertaining to IE in Japan, or elsewhere for that matter, but
clearly cities were low priority.

The subject of cities did get on the agenda for the 1992 Snowmass conference on
Industrial Ecology and Global Change, which was important for the development of
the discipline (Socolow et al. 1994). Approximately 50 people attended the meeting
in Colorado, supported by the Office for Interdisciplinary Earth Studies. One of the
32 papers in the proceedings was a study quantifying methane emissions for an
American city by Robert Harris of the University of New Hampshire (Harris 1994).

In Tom Graedel and Brad Allenby’s textbook on Industrial Ecology, cities are
recognized in a chapter on the future of industrial activities (Graedel and Allenby
1995). The section entitled The Ecologically Planned City suggests that engineers
might consider cities “as systems to be optimized for sustainability” (p. 336), but
discussion is limited to just two paragraphs. The reason for such little detail on cities
perhaps becomes apparent in Allenby’s later text on policy frameworks and
implementation of IE — which indicates that the science has yet to be done. Under
the subtitle Physical Models of Communities, Allenby (1999: 20) writes:
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Table 4.1 Coverage of cities or urban systems in

industrial ecology

73

early books or conference proceedings on

Book or conference proceeding

Content on cities or urban systems

Winter (1988). Business and the environment: a

handbook of industrial ecology with 22 checklists

for practical use

No chapters, or checklists, specific to cities

Ausubel and Sladovich (1989). Technology and
environment

Cursory mention of urban air pollution and
waste management

National academy of science colloquium on
industrial ecology published in PNAS (1992)

No papers specific to cities

Allenby and Richards (1994). The greening of
industrial ecosystems

No chapters or cases on cities

Socolow et al. (1994). Industrial ecology and
global change

One paper on reducing urban sources of
methane

Richards and Fullerton (1994). Industrial
ecology: U.S. —Japan perspectives

No urban content

Graedel and Allenby (1995). Industrial ecology

Two paragraphs on ecologically planned
cities

Ayres and Ayres (1996). Industrial ecology:
towards closing the materials cycle

Brief mention of a proposed industrial
ecosystem including a municipal waste
treatment plant

Lowe et al. (1997). Discovering industrial
ecology: an executive briefing and sourcebook

Section on applications of IE for local
government

Allenby (1999). Industrial ecology: policy
framework and implementation

One paragraph describing the need for
research on physical models of
communities

Ayres and Ayres (2002). A handbook of industrial

ecology

Three chapters on: urban material flows,
urban planning; and municipal waste

Bourg and Erkman (2003). Perspectives on
industrial ecology

One chapter on urban transportation and IE

Note the list of books examined here may not be comprehensive and is influenced by availability

at the University of Toronto library and online access

It is increasingly chic for some communities to call themselves “sustainable communities”
yet the science to understand what such assertions really mean has yet to be done.
Developing integrated models of urban communities, including small, relatively self-
contained cities, larger cities with surrounding suburbs, and large megalopolises with
decayed centres and most business activity decentralized throughout the suburbs will be a
necessary step in achieving such an understanding. Urban centres in developing and devel-
oped nations should also be modelled and compared. Such models would include: transpor-
tation, physical infrastructure, food energy, material stocks and flows, and other systems.
Both direct and embedded impacts (...) should be included. This information would facili-
tate identification of major sources of environmental impacts, patterns of activities that give
rise to them, and potential environmentally preferable technological or mitigation options.
It would also provide a necessary basis for comparing the environmental impacts of differ-
ent kinds of communities, as well as creating higher level, integrated regional models.

Further recognition of the topic of cities is given in Discovering Industrial
Ecology by Ernest Lowe, John Warren and Stephen Moran (1997). The front cover
shows a night-time city panorama superimposed on to a view of Earth from Space.
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Inside the authors include a city public works director in a conversation amongst six
professionals about the challenges of implementing IE. A chapter on opportunities
for governments in applying IE discusses the need to develop integrated models of
urban communities. Several pages on local government then describe how practical
applications of IE in cities can lead to waste reduction, extended capacity to local
infrastructure, development of resource exchange markets and related economic
development — all of which should be pursued within strategic community green
planning. As part of this planning, Lowe et al. also encourage the study of urban
metabolism (although they call it the industrial metabolism of the community).

In A Handbook of Industrial Ecology (Ayres and Ayres 2002), cities are explic-
itly recognized as being relevant to IE — at least to a small extent — by the inclusion
of 3, out of 46, chapters relating to urban issues. The first of these, by Ian Douglas
and Nigel Lawson (2002), shows sensible understating of the dominant material
flow processes being entitled Material flows due to Mining and Urbanization. With
respect to the urban end, Douglas and Lawson distinguish between the urban fabric
of buildings and infrastructure with slow turnover of materials and the other materi-
als such as food, clothing, packaging, water and energy that flow relatively rapidly
through cities. They also note how, over centuries, the in situ deposition of construc-
tion and demolition waste in cities gradually raises the elevation of cities. The
authors also make reference to a limited number of ecological footprint studies and
urban material flow balances, but concede like others previously, that these are chal-
lenging to conduct. They resort to presenting a few measures of Earth moved or
materials placed in major tunnels, airports runways or similar projects in the United
Kingdom or otherwise present national level data.

In Industrial Ecology and Spatial Planning, Clinton Andrews (2002a) explains
some of the important linkages between industrial ecology and the activities of
urban planners. He begins by recognizing that geography matters because it brings
details of scale and the level of analytical resolution to IE. Challenges in applying
IE to cities sometime occur, however, because of misalignment between natural and
political boundaries and the existence of multiple levels of government. Andrews
notes the wide variation in physical characteristics of cities worldwide and also
comments that planning practices are just as varied — e.g. ranging from pure regula-
tory roles to those who are active in shaping urban form. He then discusses several
intersections between spatial planning and IE: (1) connection between urban pat-
terns and the environmental performance of cities; (2) the significant role for plan-
ners in eco-industrial developments, which are subject to a several regulatory issues;
(3) urban waste management; (4) several ways in which the design of the built
environment impacts eco-efficiency; (5) the use of non-toxic, biocompatible materi-
als in cities; and (6) the potential for industrial ecologists to study behavioural attri-
butes of citizens, linked to policy interventions. Andrews concludes with a warning
that IE should be careful to learn from some of the ill-conceived, utopian interven-
tions that urban planners implemented in previous decades.

Like planning, prescriptive IE is in danger of cycling from hubris to despair before discov-

ering humility and effectiveness.....Until the grand visions of IE are tempered by imple-
mentation experience they will be a poor basis for public decisions. (Andrews 2002a: 487)
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A second contribution from Andrews in the Handbook examines municipal solid
waste management through the combined lens of IE and political economy. Andrews
(2002b) notes that methods of IE have been used by US waste management policy
analysts since the 1970s for mass flow analysis and since the 1980s for life cycle
assessment. The perspective of political economy is required to address issues
beyond IE — such as trans-boundary transport, deregulation and environmental jus-
tice. Andrews provides integrative analysis of the predominant actors at each stage
of the product life cycle. This leads to an examination of the basis for government
intervention and a summary of lessons from implementation.

A further collection of papers on IE edited by Dominique Bourg and Suren
Erkman (2003) includes one urban flavoured chapter, out of 28, this being on Urban
Transportation and IE by Tom Graedel and Michael Jensen (2003). The short paper
reviews the costs and benefits of automotive transportation and considers three dif-
ferent approaches to optimizing the net benefits. An urban system is proposed com-
prising trams, high-speed networks and feeder lines, with automobile restricted to
low-density suburbs and new ways of handling personal cargo developed.

This review of formative literature on IE shows relatively sparing attention to
urban systems, but it would be wrong to conclude that the early protagonists of IE
failed to understand the significance of cities in environmental challenges. For
example, both Andrews and Graedel were attendees of the Snowmass 1992 summit
and were (and remain) influential within IE. Andrews was coeditor of the Snowmass
proceedings and went on to become a Chair of Planning at Rutgers University,
where he published several papers pertaining to IE and cities (some discussed below
here). Graedel, the first Professor of Industrial Ecology, and the first President of the
International Society for Industrial Ecology (ISIE), examines metal stocks and
flows in cities within his wider work at other scales. Another who worked on cities
was Jesse Ausubel, coeditor of a National Academy of Engineering book on Cities
and Their Vital Systems (Ausubel and Herman 1988). Like Andrews and Graedel, he
attended the formative meeting of the ISIE in 2000 and also coedited the proceeding
of a National Academy of Engineering meeting on Energy and Environment
(Ausubel and Sladovich 1989). A further attendee at the Snowmass meeting — and
early influence in IE — was Arnulf Griibler — who had a profound understanding of
the role of cities on global environmental change. In his text Technology and Global
Change (Griibler 1998) — which arguably should be the first textbook read by stu-
dents of IE — Griibler clearly describes how the phenomena of urbanization result
from improvements in agricultural productivity.

3 Into the Twenty-First Century

Moving into the twenty-first century, there is the emergence of an academic research
literature specifically concerned with applications of IE to cities. This can be exam-
ined through use of the search function on Scopus, although many caveats are
required. A first set of search results, shown in Fig. 4.1, is for papers that explicitly



76 C.A. Kennedy

¥

Mumber of Papers Published
2 -

T

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 012 2013 2014

H

0|—.r|r|ﬂm|]-ﬂ.“]’—.{

1996 1997 1998 1999

WJiE keyword  EIALL title-abstract-keyword

Fig. 4.1 Papers published (1996-2014) in: (1) Scopus-tracked journals including industrial ecol-
ogy and cities, city, urban or urbanization in the title, abstract or keywords; (2) the Journal of
Industrial Ecology, including the keywords cities, city, urban or urbanization

use the term “industrial ecology” and any one of four city-related words: “cities”,
“city”, “urban” or “urbanization” in the title, abstract or keywords. The search
results are modified to remove obvious anomalies as well as articles in press for
2014. Still, the search results include some papers that perhaps do not really reflect
the essence of applying IE at the city scale while missing others that do. To give
some examples, several of the early papers discuss eco-industrial parks as a strategy
for sustainable cities, or eco-parks which just happen to be in cities, without really
reflecting the idea that industrial symbiosis might be more broadly applied on a city
scale. Similarly, the search picks up a few papers that are focused on household
consumption within cities, which, while contributing to urban metabolism, might
miss industrial and larger-scale urban processes in cities. Another scale-related
problem is that a few papers are included that primarily discuss energy or material
flows at national and regional levels, with only brief mention of processes at the
urban scale. Of the 212 papers recorded in the first search perhaps as many as half
might be rejected if the search were restricted to research at the city scale. That said,
the search terms exclude a potentially large literature on energy and material flows
in cities that does not use the term “industrial ecology”. Omitted papers include, for
example, a material flow study of paper in a city (Leach et al. 1997) and an overview
of strategies for the ecological restructuring of cities (Hahn and Simonis 1991). In
more recent years, industrial ecologists have made numerous studies of greenhouse
gas emissions associated with cities (e.g. Kennedy et al. 2009), or urban sustain-
ability more broadly (e.g. Baynes and Wiedmann 2012), many of which are missed.
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Most significantly, the search misses many papers on urban metabolism — now seen
as central to urban IE — but also used in other fields; this will be addressed in a sepa-
rate section below.

A few reoccurring themes can be observed within the Scopus-tracked papers in
the first search. Starting with a paper by Robbins and Kumar (1999), several authors
discuss the application of industrial symbiosis with an exchange of residuals occur-
ring broadly at a city scale (Cerceau et al. 2014; Liu and Chen 2013; Chen et al.
2012; Giurco et al. 2011; Van Berkel et al. 2009a, b). Amongst these are two papers
by Pierre Desrochers which suggest that industrial symbiosis has a long history in
cities (Desrochers 2002; Desrochers and Leppéléd 2010). A couple of papers analys-
ing the use of biogas or sewage gas for transportation in Swedish cities might also
be considered examples of city-scale industrial symbiosis (Fallde and Eklund 2015;
Vernay et al. 2013). The topic of waste has been addressed in several papers, includ-
ing work focussed on e-waste (Leigh et al. 2012), healthcare waste (Soares et al.
2013) and construction and demolition waste (Bohne et al. 2008), as well as city-
specific waste studies (Murphy and Pincetl 2013; Chertow and Eckelman 2009).
Urban infrastructure systems have been researched in both broad and narrow con-
texts. In a broad sense, several sustainable infrastructure or resource frameworks
have been published (Ramaswami et al. 2012a, b; Hodson et al. 2012; Agudelo-Vera
et al. 2012). Narrower sector-specific infrastructure studies include those on water
systems, including drinking water, wastewater and storm water (Venkatesh 2013;
De Sousa et al. 2012; Venkatesh and Brattebg 2012; Kenway et al. 2011; Pasqualino
etal. 2011; Venkatesh et al. 2009). At least two papers have examined the historical
use of energy in cities (Reiter and Marique 2012; Baynes and Bai 2012). Also
related to energy, amongst other activities, is a large number of papers on green-
house gas emissions for cities (Ramaswami et al. 2012a, b; Mohareb and Kennedy
2012a, b; Chavez et al. 2012; Sugar et al. 2012; Feng et al. 2012; Shi et al. 2012;
Bullock et al. 2011; Kraines et al. 2010; Lebel et al. 2007; VandeWeghe and
Kennedy 2007), although this is just a subset of a larger literature. Other contami-
nants featured include heavy metals (Batzias et al. 2011) and PBDEs (Vyzinkarova
and Brunner 2013). There is also a distinct grouping of papers on the theme of met-
als in cities, including urban mining (Kral et al. 2014; Zhang et al. 2012; Klinglmair
and Fellner 2010; Mansson et al. 2009; Drakonakis et al. 2007; Harper et al. 2006).
Similarly, several papers address stocks and flows of phosphorus in cities (Ma et al.
2013; Kalmykova et al. 2012; Li et al. 2012; Fu et al. 2012), while others have
addressed food more broadly (Broeze et al. 2011; Neset et al. 2006; Waggoner
2006). Over 200 papers on cities and IE are picked up in the first Scopus search,
only a few of which have been mentioned here in order to demonstrate the dominant
themes of the literature.

Much of the recent upward trend in publications on IE and cities is due to papers
in the Journal of Industrial Ecology (JIE); it accounts in particular for the steps up
in publications in 2007 and 2012 (Fig. 4.1). The second search in Fig. 4.1 is for all
titles in the JIE for the keywords cities, city, urban or urbanization. In 2007, JIE had
a quasi special issue on Industrial Ecology and the Global Impacts of Cities, edited
by Xuemei Bai, with nine articles (picked up by the keyword search). Since then
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there have been between 2 and 8 urban systems papers per year in JIE, with the
exception of 2012 when 30 papers are recorded. This was due to the publication of
a full special issue on Sustainable Urban Systems with Larry Baker, Shobhakar
Dhakal, Anu Ramaswami and myself as coeditors.

In addition to the journal articles on IE and cities, the past decade has also seen
publication of textbooks on the topic. Amongst these is Sustainable Urban
Metabolism by Paulo Ferrdo and John Ferndndez (2013). Another that explicitly
recognizes IE is Vortex cities to sustainable cities: Australia’s urban challenge by
Phil McManus (2005).

4 Urban Metabolism

The interdisciplinary field of Industrial Ecology can today perhaps be broadly
understood as the study of the three types of metabolism — industrial, socio-
economic and urban. When IE first began to establish as a discipline in the 1990s, it
primarily did so with an initial focus on industrial metabolism. Inclusion of urban
metabolism within IE arguably only occurred once IE had broadened to include
Social Ecology (Fischer-Kowalski and Hiittler 1998); urban metabolism can be seen
as a scale-delineated component of socio-economic metabolism. The term urban
metabolism, however, seems to predate the term industrial metabolism, which is
usually attributed to Ayres (1994). Abel Wolman’s influential paper on the
Metabolism of Cities was published in Scientific American in 1965, while the
notion that cities have a metabolism can perhaps be traced back further to Marx
(Newell and Cousins 2014). Interestingly, Wolman was a member of the Spilhaus’
Committee on Pollution in the early 1960s, as was Alan Kneese who co-authored
the highly influential paper on material flows in an economy with Bob Ayres in the
late 1960s (Ayres and Knesse 1969). So the study of urban metabolism and indus-
trial metabolism do have some shared history.

The topic of urban metabolism nonetheless has its own literature, originally sep-
arate from Industrial Ecology. Starting from the 1970s, quantitative studies of the
metabolism of actual cities have been conducted by researchers from several disci-
plines including civil engineering, chemical engineering, ecology and urban plan-
ning (Kennedy et al. 2007). Significant contributions to urban metabolism in the
early years included works by Newcombe et al. (1978), Odum (1983), Baccini and
Brunner (1991) and Girardet (1992). The first urban metabolism study to recognize
the term industrial ecology appears to be Peter Newman’s study of Sydney in 1999.
A review of the urban literature with discussion of applications to urban planning
and design is given by Kennedy et al. (2011), with an extension to include a growing
number of Chinese studies by Zhang (2013). Barles (2010) explores the origins of
urban metabolism in relation to sustainable urban development. More recent review
papers by Broto et al. (2012) and Newell and Cousins (2014) have examined rela-
tions between studies of urban metabolism in the fields of industrial ecology, urban
ecology and political ecology.
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Fig. 4.2 Papers published (1982-2014) in Scopus-tracked journals including urban metabolism or
metabolism of cities in the title, abstract or keywords. Wolman’s 1965 publication off the chart

A further search using Scopus shows an increasing number of publications on
urban metabolism over the past 15 years or so (Fig. 4.2). Around the turn of the
century, there were typically two papers on urban metabolism published each year,
but the number increased to 47 in 2014. The results for early years in this search
should be treated cautiously, as some works recognized today as urban metabolism
studies do not register. Notably, none of the works in the 1970s, between Wolman’s
paper and one by Olson in 1982, were picked up in the search. Nonetheless, it is
clear that research on urban metabolism is accelerating.

5 Future Directions

The grand challenge for IE and cities is to understand the environmental impacts of
the urban metabolism and pursue plans and strategies to reduce them. These aspira-
tions are to some extent the same as those of Spilhaus and the Experimental City
project 50 years ago, but necessarily tempered with large doses of practicality, as
raised by authors such as Andrews. Unlike Spilhaus’ efforts, the applications of IE
have to first be in today’s existing cities, many of which are rapidly growing. It
might be possible in some countries or cultures that new cities are built on green-
field sites, possibly on the edge of existing cities — and principles of IE might be
incorporated to some degree. A small example of an experimental green city does
exist in the case of Mazda, UAE; important lessons have been learnt at Mazda, such
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as the cost of building a city with the pedestrian realm one storey up above a ground
floor dedicated to service vehicles and personal rapid transit pods. Nonetheless,
sustainable transformation of today’s existing and expanding cities is where the
challenge lies.

Although not complete, the study of cities in Industrial Ecology has come a long
way since Allenby’s (1999) observation that the science had yet to be done. Progress
has been made with a combination of broad holistic analyses of urban metabolism —
the scale upon which differences are measured — and more detailed studies of spe-
cific resource flows or infrastructure systems — which reveal the inner workings of
the city. As more cities, hopefully, move towards greater practical application of IE,
then attention to both scales will be important. There is a need for further study of
material flows in cities; few studies have quantified material stocks and flows with
as much detail as those in Lisbon (Niza et al. 2009) or Paris (Barles 2009). More
refined understanding of material flows will be necessary to address questions in a
couple of related future directions discussed below: increased application of indus-
trial symbiosis at the city scale and examination of the thermodynamics of urban
metabolism.

Just how much potential is there for industrial symbiosis to be conducted at the
city scale and how much of such sharing or recycling of residuals is already taking
place? Examples such as the case of Kawasaki, Japan, where 565,000 tonnes of
potential waste per year are diverted through seven key material exchanges hint at
significant potential for industrial symbiosis in cities (Van Berkel et al. 2009a, b).
Drawing upon four examples of urban regions where waste exchange is practiced,
and citing several nineteenth and early twentieth century authors, Desroches (2002)
argues that urban industrial symbiosis used to be relatively common. “The fact that
cities or regional economies... have probably always exhibited localized inter-
industry recycling linkages seems highly plausible” (Desroches 2002: 35). He sug-
gests that industrial symbiosis is a form of agglomeration effect that occurs due to
the high volumes and close proximity of waste-producing activities in cities. As
well as further empirical studies, perhaps there is potential to develop theoretical
economic models that describe such agglomeration effects. Further research might
also seek to determine the limits to which industrial symbiosis or other notions of
the circular economy can practically be applied in cities. Some categories of materi-
als cannot be recycled or require so much energy as to be undesirable (Ayres 1997,
Allenby 1999; Allwood 2014).

A final challenging topic, which will also inform the questions on industrial sym-
biosis, is the development of improved theoretical understanding of the urban
metabolism using thermodynamics. This is important for addressing concerns over
possible limits to the notion of sustainable cities. If cities were to pursue high levels
of efficiency, and greater closing of material loops through increased industrial
symbiosis, what would be the repercussions, feedbacks or rebound effects? For
example, if today’s cities were able to cut their consumption of fossil-fuel energy
use in half, might that just result in the saved fuels being used to build more cities?
Nonequilibrium thermodynamics, as used by Bristow and Kennedy (2015) to under-
stand the growth of cities, might tentatively offer insights into such questions. A
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Fig. 4.3 Global energy use, urban and rural population, 1965-2010 (Figure 4.3 from Bristow and
Kennedy 2015)

possibly important finding in this regard is the strong relationship showing that
global energy use is directly proportional to global urban population (Fig. 4.3).
Three areas for future research on the thermodynamics of cities are proposed: (1)
development of nonsteady, nonequilibrium thermodynamic models specific to cities
or systems of cities; (2) more studies of exergy gradients for cities; and (3) explora-
tion of the possible intersection of thermodynamic and economic theories of urban
growth (Bristow and Kennedy 2015).

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.

References

Agudelo-Vera, C. M., Mels, A., Keesman, K., & Rijnaarts, H. (2012). The urban harvest approach
as an aid for sustainable urban resource planning. Journal of Industrial Ecology, 16(6),
839-850.

Allenby, B. R. (1999). Industrial ecology: Policy framework and implementation. Upper Saddle
River: Prentice Hall.

Allenby, B.R., & Richards, D. J. (Eds.). (1994). The greening of industrial ecosystems. Washington,
DC: National Academy Press.



82 C.A. Kennedy

Allwood, J. M. (2014). Squaring the circular economy: The role of recycling within a hierarchy of
material management strategies. In E. Worrell & M. A. Reuter (Eds.), Handbook of recycling
(pp. 445-477). Waltham: Elsevier.

Andrews, C. (2002a). Industrial ecology and spatial planning. In R. U. Ayres & L. W. Ayres (Eds.),
A handbook of industrial ecology (pp. 476—487). Cheltenham: Edward Elgar.

Andrews, C. (2002b). Municipal solid waste management. In R. U. Ayres & L. W. Ayres (Eds.), A
handbook of industrial ecology (pp. 542-553). Cheltenham: Edward Elgar.

Ausubel, J. H., & Herman, R. (1988). Cities and their vital systems.

Ausubel, J. H., & Sladovich, A. E. (Eds.). (1989). Technology and environment, National Academy
of Engineering. Washington, DC: National Academy Press.

Ayres, R. U. (1994). Industrial metabolism: Theory and policy. In R. U. Ayres & U. K. Simonis
(Eds.), Industrial metabolism: Restructuring for sustainable development (pp. 3—20). Tokyo:
United Nations University Press.

Ayres, R. U. (1997). Industrial metabolism: Work in progress. Retrieved February 23, 2015, from
https://flora.insead.edu/fichiersti_wp/inseadwp1997/97-09.pdf

Ayres, R. U., & Ayres, L. W. (1996). Industrial ecology: Towards closing the materials cycle.
Cheltenham: Edward Elgar.

Ayres, R. U., & Ayres, L. W. (2002). A handbook of industrial ecology. Cheltenham: Edward Elgar.

Ayres, R., & Kneese, A. (1969). Production, consumption, and externalities. American Economic
Review, 59(3), 282-297.

Baccini, P., & Brunner, P. H. (1991). Metabolism of the anthroposphere. Berlin: Springer.

Barles, S. (2009). Urban metabolism of Paris and its region. Journal of Industrial Ecology, 13(6),
898-913.

Barles, S. (2010). Society, energy and materials: The contribution of urban metabolism studies to
sustainable urban development issues. Journal of Environmental Planning and Management,
53(4), 439-455.

Batzias, F., Politi, D., & Sidiras, D. (2011). Heavy metals pollution abatement within a framework
of industrial ecology. In Recent advances in fluid mechanics and heat and mass transfer —
Proceedings of the 9th IASME/WSEAS International Conference on Fluid Mechanics and
Aerodynamics, FMA’11, pp. 251-256.

Baynes, T. M., & Bai, X. (2012). Reconstructing the energy history of a city: Melbourne’s popula-
tion, urban development, energy supply and use from 1973 to 2005. Journal of Industrial
Ecology, 16(6), 862-874.

Baynes, T., & Wiedmann, T. (2012). General approaches to assessing urban environmental sustain-
ability. Current Opinion in Environmental Sustainability, 4, 458—464.

Bohne, R. A., Brattebg, H., & Bergsdal, H. (2008). Dynamic eco-efficiency projections for con-
struction and demolition waste recycling strategies at the city level. Journal of Industrial
Ecology, 12(1), 52-68.

Bourg, D., & Erkman, S. (Eds.). (2003). Perspectives on industrial ecology. Sheffield: Greenleaf.
Bristow, D., & Kennedy, C. A. (2015). Why do cities grow? Insights from non-equilibrium ther-
modynamics at the urban and global scales. Journal of Industrial Ecology, 19(2), 211-221.
Broeze, J., Simons, A., & Smeets, P. (2011). Sustainable agro-food production concept: Food clus-
ters. In 6th international CIGR technical symposium — Towards a sustainable food chain: Food

process, bioprocessing and food quality management, 4 p.

Broto, V. C., Allen, A., & Rapoport, E. (2012). Interdisciplinary perspectives on urban metabolism.
Journal of Industrial Ecology, 16(6), 851-861.

Bullock, S. H., Escoto-Rodriguez, M., Smith, S. V., & Hinojosa, A. (2011). Carbon flux of an urban
system in México. Journal of Industrial Ecology, 15(4), 512-526.

Cerceau, J., Mat, N., Junqua, G., Lin, L., Laforest, V., & Gonzalez, C. (2014). Implementing indus-
trial ecology in port cities: International overview of case studies and cross-case analysis.
Journal of Cleaner Production, 74, 1-16.

Chavez, A., Ramaswami, A., Nath, D., Guru, R., & Kumar, E. (2012). Implementing trans-
boundary infrastructure-based greenhouse gas accounting for Delhi, India: Data availability
and methods. Journal of Industrial Ecology, 16(6), 814—828.


https://flora.insead.edu/fichiersti_wp/inseadwp1997/97-09.pdf

4 Industrial Ecology and Cities 83

Chen, X., Fujita, T., Ohnishi, S., Fujii, M., & Geng, Y. (2012). The impact of scale, recycling
boundary, and type of waste on symbiosis and recycling: An empirical study of Japanese eco-
towns. Journal of Industrial Ecology, 16(1), 129-141.

Chertow, M. R., & Eckelman, M. J. (2009). Using material flow analysis to illuminate long-term
waste management solutions in Oahu, Hawaii. Journal of Industrial Ecology, 13(5), 758-774.

Committee on Pollution. (1966). Waste management and control: A report to the Federal Council
for Science and Technology, National Academy of Sciences — National Research Council.
Washington, DC: National Academy Press.

De Sousa, M. R. C., Montalto, F. A., & Spatari, S. (2012). Using life cycle assessment to evaluate
green and grey combined sewer overflow control strategies. Journal of Industrial Ecology,
16(6), 901-913.

Desrochers, P. (2002). Cities and industrial symbiosis: Some historical perspectives and policy
implications. Journal of Industrial Ecology, 5(4), 29-44.

Desrochers, P., & Leppild, S. (2010). Industrial symbiosis: Old wine in recycled bottles? Some
perspective from the history of economic and geographical thought. International Regional
Science Review, 33(3), 338-361.

Douglas, 1., & Lawson, N. (2002). Material flows due to mining and urbanization. In R. U. Ayres
& L. W. Ayres (Eds.), A handbook of industrial ecology (pp. 351-364). Cheltenham: Edward
Elgar.

Drakonakis, K., Rostkowski, K., Rauch, J., Graedel, T. E., & Gordon, R. B. (2007). Metal capital
sustaining a North American city: Iron and copper in New Haven, CT. Resources, Conservation
and Recycling, 49(4), 406-420.

Erkman, S. (1997). Industrial ecology: An historical view. Journal of Cleaner Production, 5(1-2),
1-10.

Fallde, M., & Eklund, M. (2015). Towards a sustainable socio-technical system of biogas for trans-
port: The case of the city of Linkdping in Sweden. Journal of Cleaner Production, 98, 17-28.

Feng, K., Siu, Y. L., Guan, D., & Hubacek, K. (2012). Analyzing drivers of regional carbon dioxide
emissions for China: A structural decomposition analysis. Journal of Industrial Ecology, 16(4),
600-611.

Ferrdo, P., & Fernandez, J. E. (2013). Sustainable urban metabolism. Cambridge, MA: The MIT
Press.

Fischer-Kowalski, M., & Hiittler, W. (1998). Society’s metabolism. Journal of Industrial Ecology,
2(4), 107-136.

Fu, Y., Yuan, Z., Wu, H., & Zhang, L. (2012). Anthropogenic phosphorus flow analysis of Hanshan
County in Anhui Province. Shengtai Xuebao/Acta Ecologica Sinica, 32(5), 1578-1586.

Girardet, H. (1992). The Gaia atlas of cities. London: Gaia Books Limited.

Giurco, D., Bossilkov, A., Patterson, J., & Kazaglis, A. (2011). Developing industrial water reuse
synergies in Port Melbourne: Cost effectiveness, barriers and opportunities. Journal of Cleaner
Production, 19(8), 867-876.

Graedel, T. E., & Allenby, B. R. (1995). Industrial ecology. Englewood Cliffs: Prentice Hall.
Graedel, T. E., & Jensen, M. (2003). Urban transportation and industrial ecology. In D. Bourg &
S. Erkman (Eds.), Perspectives on industrial ecology (pp. 283-290). Sheffield: Greenleaf.
Griibler, A. (1998). Technology and global change. Cambridge/New York: Cambridge University

Press.

Hahn, E., & Simonis, U. E. (1991). Ecological urban restructuring: Method and action.
Environmental Management and Health, 2(2), 12—19.

Harper, E. M., Johnson, J., & Graedel, T. E. (2006). Making metals count: Applications of material
flow analysis. Environmental Engineering Science, 23(3), 493-506.

Harris, R. (1994). Reducing urban sources of methane: An experiment in industrial ecology. In
R. Socolow et al. (Eds.), Industrial ecology and global change (pp. 173—182). Cambridge/New
York: Cambridge University Press.

Hodson, M., Marvin, S., Robinson, B., & Swilling, M. (2012). Reshaping urban infrastructure:
Material flow analysis and transitions analysis in an urban context. Journal of Industrial
Ecology, 16(6), 789-800.



84 C.A. Kennedy

Kalmykova, Y., Harder, R., Borgestedt, H., & Svaning, 1. (2012). Pathways and management of
phosphorus in urban areas. Journal of Industrial Ecology, 16(6), 928-939.

Kennedy, C. A., Cuddihy, J., & Engel Yan, J. (2007). The changing metabolism of cities. Journal
of Industrial Ecology, 11(2), 43-59.

Kennedy, C., Steinberger, J., Gasson, B., Hillman, T., Havranek, M., Hansen, Y., Pataki, D.,
Phdungsilp, A., Ramaswami, A., & Villalba Mendez, G. (2009). Greenhouse gas emissions
from global cities. Environmental Science and Technology, 43, 7297-7302.

Kennedy, C. A., Pincetl, S., & Bunje, P. (2011). The study of urban metabolism and its applications
to urban planning and design. Journal of Environmental Pollution, 159(8-9), 1965-1973.

Kenway, S., Gregory, A., & McMahon, J. (2011). Urban water mass balance analysis. Journal of
Industrial Ecology, 15(5), 693-706.

Klinglmair, M., & Fellner, J. (2010). Urban mining in times of raw material shortage: Copper
management in Austria during World War 1. Journal of Industrial Ecology, 14(4), 666—679.
Kraines, S. B., Ishida, T., & Wallace, D. R. (2010). Integrated environmental assessment of supply-
side and demand-side measures for carbon dioxide mitigation in Tokyo, Japan. Journal of

Industrial Ecology, 14(5), 808-825.

Kral, U., Lin, C.-Y., Kellner, K., Ma, H.-W., & Brunner, P. H. (2014). The copper balance of cities:
Exploratory insights into a European and an Asian city. Journal of Industrial Ecology, 18(3),
432-444.,

Leach, M. A., Bauen, A., & Lucas, N. (1997). A systems approach to materials flow in sustainable
cities a case study of paper. Journal of Environmental Planning and Management, 40(6),
705-724.

Lebel, L., Garden, P., Ma Banaticla, R. N., Lasco, R. D., Contreras, A., Mitra, A. P., Sharma, C.,
Nguyen, H. T., Ooi, G. L., & Sari, A. (2007). Integrating carbon management into the develop-
ment strategies of urbanizing regions in Asia: Implications of urban function, form, and role.
Journal of Industrial Ecology, 11(2), 61-81.

Leigh, N. G., Choi, T., & Hoelzel, N. Z. (2012). New insights into electronic waste recycling in
metropolitan areas. Journal of Industrial Ecology, 16(6), 940-950.

Li, G.-L., Bai, X., Yu, S., Zhang, H., & Zhu, Y.-G. (2012). Urban phosphorus metabolism through
food consumption: The case of China. Journal of Industrial Ecology, 16(4), 588-599.

Liu, G.-F,, & Chen, E-D. (2013). NISP-based research on the system structure of urban symbiosis
network in China. Applied Mechanics and Materials, 427429, 2923-2927.

Lowe, E. A., Warren, J. L., & Moran, S. R. (1997). Discovering industrial ecology: An executive
briefing and sourcebook. Columbus: Battelle.

Ma, D., Hu, S., Chen, D., & Li, Y. (2013). The temporal evolution of anthropogenic phosphorus
consumption in China and its environmental implications. Journal of Industrial Ecology, 17(4),
566-577.

Maénsson, N., Bergbick, B., & Sorme, L. (2009). Phasing out cadmium, lead, and mercury effects
on urban stocks and flows. Journal of Industrial Ecology, 13(1), 94—111.

McManus, P. (2005). Vortex cities to sustainable cities: Australia’s urban challenge. Sydney:
University of New South Wales Press.

Mohareb, E., & Kennedy, C. (2012a). Greenhouse gas emission scenario modeling for cities using
the PURGE model: A case study of the greater Toronto area. Journal of Industrial Ecology,
16(6), 875-888.

Mohareb, E., & Kennedy, C. (2012b). Gross direct and embodied carbon sinks for urban invento-
ries. Journal of Industrial Ecology, 16(3), 302-316.

Murphy, S., & Pincetl, S. (2013). Zero waste in Los Angeles: Is the emperor wearing any clothes?
Resources, Conservation and Recycling, 81, 40-51.

Neset, T.-S. S., Bader, H.-P., & Scheidegger, R. (2006). Food consumption and nutrient flows:
Nitrogen in Sweden since the 1870s. Journal of Industrial Ecology, 10(4), 61-75.

Newcombe, K., Kalma, J., & Aston, A. (1978). The metabolism of a city: The case of Hong Kong.
Ambio, 7, 3-15.



4 Industrial Ecology and Cities 85

Newell, J. P, & Cousins, J. J. (2014). The boundaries of urban metabolism: Towards a political—
Industrial ecology. Progress in Human Geography, 1-27.

Niza, S., Rosado, L., & Ferrao, P. (2009). Urban metabolism methodological advances in urban
material flow accounting based on the Lisbon case study. Journal of Industrial Ecology, 13(3),
384-405.

Odum, H. T. (1983). Systems ecology, an introduction. New York: Wiley-Interscience.

Olson, S. (1982). Urban metabolism and morphogenesis. Urban Geography, 3(2), 87-109.

Pasqualino, J. C., Meneses, M., & Castells, F. (2011). Life cycle assessment of urban wastewater
reclamation and reuse alternatives. Journal of Industrial Ecology, 15(1), 49-63.

Ramaswami, A., Weible, C., Main, D., Heikkila, T., Siddiki, S., Duvall, A., Pattison, A., & Bernard,
M. (2012a). A social-ecological-infrastructural systems framework for interdisciplinary study
of sustainable city systems: An integrative curriculum across seven major disciplines. Journal
of Industrial Ecology, 16(6), 801-813.

Ramaswami, A., Chavez, A., & Chertow, M. (2012b). Carbon footprinting of cities and implica-
tions for analysis of urban material and energy flows. Journal of Industrial Ecology, 16(6),
783-785.

Reiter, S., & Marique, A.-F. (2012). Toward low energy cities: A case study of the urban area of
Liége, Belgium toward low energy cities. Journal of Industrial Ecology, 16(6), 829-838.

Richards, D. J., & Fullerton, A. B. (1994). Industrial ecology: U.S. — Japan perspectives.
Washington, DC: National Academy Press.

Shi, F., Huang, T., Tanikawa, H., Han, J., Hashimoto, S., & Moriguchi, Y. (2012). Toward a low
carbon-dematerialization society: Measuring the materials demand and CO2 emissions of
building and transport infrastructure construction in China. Journal of Industrial Ecology,
16(4), 493-505.

Soares, S. R., Finotti, A. R., Prudéncio da Silva, V., & Alvarenga, R. A. F. (2013). Applications of
life cycle assessment and cost analysis in health care waste management. Waste Management,
33(1), 175-183.

Socolow, R., Andrews, C., Berkhout, F., & Thomas, V. (Eds.). (1994). Industrial ecology and
global change. Cambridge/New York: Cambridge University Press.

Spilhaus, A. (1967). The experimental city. Daedalus, 96(4), 1129-1141.

Spilhaus, A. (1968). The experimental city. Science, 159(3816), 710-715.

Sugar, L., Kennedy, C., & Leman, E. (2012). Greenhouse gas emissions from Chinese cities.
Journal of Industrial Ecology, 16(4), 552-563.

Van Berkel, R., Fujita, T., Hashimoto, S., & Geng, Y. (2009a). Industrial and urban symbiosis in
Japan: Analysis of the Eco-Town program 1997-2006. Journal of Environmental Management,
90(3), 1544-1556.

Van Berkel, R., Fujita, T., Hashimoto, S., & Fujii, M. (2009b). Quantitative assessment of urban
and industrial symbiosis in Kawasaki, Japan. Environmental Science and Technology, 43(5),
1271-1281.

VandeWeghe, J. R., & Kennedy, C. (2007). A spatial analysis of residential greenhouse gas emis-
sions in the Toronto census metropolitan area. Journal of Industrial Ecology, 11(2), 133—144.

Venkatesh, G. (2013). An analysis of stocks and flows associated with water consumption in Indian
households. Journal of Industrial Ecology, 17(3), 472—481.

Venkatesh, G., & Brattebg, H. (2012). Assessment of environmental impacts of an aging and stag-
nating water supply pipeline network: City of Oslo, 1991-2006. Journal of Industrial Ecology,
16(5), 722-734.

Venkatesh, G., Hammervold, J., & Brattebg, H. (2009). Combined MFA-LCA for analysis of
wastewater pipeline networks: Case study of Oslo, Norway. Journal of Industrial Ecology,
13(4), 532-550.

Vernay, A.-L., Mulder, K. F., Kamp, L. M., & De Bruijn, H. (2013). Exploring the socio-technical
dynamics of systems integration-the case of sewage gas for transport in Stockholm, Sweden.
Journal of Cleaner Production, 44, 190-199.



86 C.A. Kennedy

Vyzinkarova, D., & Brunner, P. H. (2013). Substance flow analysis of wastes containing polybro-
minated diphenyl ethers: The need for more information and for final sinks. Journal of
Industrial Ecology, 17(6), 900-911.

Waggoner, P. E. (2006). How can EcoCity get its food? Technology in Society, 28(1-2), 183-193.

Wildermuth, T. A. (2008). Yesterday’s city of tomorrow: The Minnesota experimental city and
green urbanism. PhD dissertation, University of Illinois at Urbana Champaign.

Winter, G. (1988). Business and the environment: A handbook of industrial ecology with 22
checklists for practical use and a concrete example of the integrated system of Environmentalist
Business Management (the Winter model). Das umweltbewusste Unternehmen. English
Hamburg/New York: McGraw-Hill Book Co.

Zhang, Y. (2013). Urban metabolism: A review of research methodologies. Environmental
Pollution, 178, 463—473.

Zhang, L., Yuan, Z., & Bi, J. (2012). Estimation of copper in-use stocks in Nanjing, China. Journal
of Industrial Ecology, 16(2), 191-202.



	Chapter 4: Industrial Ecology and Cities
	1 A False Dawn
	2 Formative Years of IE
	3 Into the Twenty-First Century
	4 Urban Metabolism
	5 Future Directions
	References


