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ABSTRACT

Assessing contemporary society’s burden on the planet has been an ongoing project of many
research teams in many disciplines. The recent emergence and proliferation of efforts to
understand the role that cities play has led to the near-simultaneous development of various
frameworks, methodologies and working models that capture urban resource flows and
account for expenditures by industry, households and infrastructure networks; including
power, water, and transportation. This paper introduces an urban resource flow model and
describes the organization of its various elements with respect to two key fields; urban
economics and ecology. The central organizing principle of this framework is the delineation
of three fundamental urban activities occurring within a context of socioeconomic and
biogeochemical material and energy transfers. These three urban activities are the direct link
to key theoretical elements of both urban economics and ecology and thus facilitate a
cooperative relationship between the evolving understanding of urban resource flows and
economic and ecological urban thinking.

INTRODUCTION

The study of cities has been an ongoing preoccupation of philosophers and scientists since the
widespread phenomena of urbanization was noted by ancient philosophers and poets. The
seemingly inevitable development of cities everywhere on earth, in every society and culture
throughout time has elicited commentary regarding the nature of agglomeration in social,
political and economic terms. Aristotle remarked that “...[t]he city belongs among the things
that exist by nature, and...man is by nature a political animal™ [1].

Throughout the 19" and 20™ centuries, several strands of thought wove together to eventually
bring us an understanding of urban centers as complex dynamic systems that act as political
and economic foci for regions and nations and are regulated by resource flows serving a well-
defined set of fundamental urban activities. This understanding came as a result of a
convergence of political, ecological, and social ideas spurred on by work in the sciences,
especially as related to the societal demands on energy and material resources [2, 3, 4, 5, 6]. It
Is not surprising that this multi-faceted concept of the city began to emerge as the world was
undergoing the fundamental transition from an agrarian-based sociometabolic regime to an
industrial-capitalist regime based on nonrenewable fossil fuel material and energy resources

[7].

During the early 20" century, the idea that societies needed to understand and carefully
manage their growth, especially as manifest by sprawling urban regions was beginning to be
articulated by planners, ecologists, economists and others. For example, E.P. Odum, the
American ecologist, was one of the first to understand that the rural-urban interface needed
special attention. In 1969, he wrote, “...[we] have not yet risen to the challenge of the urban-
rural landscape, where lie today's most serious problems.” [8].



For many years now there has been a clear determination that the transformational effects of
anthropogenic activities can be found in every biome on earth [9]. Recently, a proliferation of
studies that characterize global resource flows has led to a better understanding of the network
of material and energy exchanges that serve contemporary society and the ramifications for
the environment [10, 11, 12]. We now have large scale studies that are, for the first time,
tracing the extraction and consumption of the world’s resources during much of the period of
human history since, and sometimes before the industrial revolution [7, 13].

Most recently, a renewed focus on cities has been prompted by the growing awareness that
the majority of the global population is now urban and, as a result, global resource
consumption, carbon emissions and waste dispersion is concentrated in cities [14]. This
awareness has catalyzed an array of research and implementation projects around the globe
that are striving to meet the needs of a growing urban population while taking on the
challenges of global warming, critical resource shortages and the political and social realities
of a new urban century [15].

The research work highlighted here and forming the organization of this paper takes as its
departure two themes; the metabolic nature of urban systems, and the resource flows serving
three fundamental urban activities. These are treated in the following sections: URBAN
METABOLISM, and URBAN ACTIVITIES AND RESOURCE FLOWS.

URBAN METABOLISM

Urban metabolism is the study of material and energy flows arising from urban
socioeconomic activities and regional and global biogeochemical processes. The
characterization of these flows and the relationships between anthropogenic urban activities
and natural processes and cycles defines the behavior of urban production and consumption
[16, 17, 18].

The primary methods that are being adopted for assessing the complex dynamics and resource
intensity of an urban zone are stock flow models serving a system dynamics (SD) architecture
regulated by the conventions of material flow analysis (MFA). System dynamics is well
known for its utility to organize and analyze the various elements of a complex scenario [19,
20]. In recent years, MFA has been used to account for the actual physical flows devoted to
the urban socioeconomic engine resulting in several studies that attempt to characterize these
flows [21]. Urban metabolism models are derivatives of national economy-wide material flow
analysis models [22, 23]. While national-scale MFA methodologies are now well-established
and offer clear conventions on border designation, flow characterization, accounting methods
and definitions, the urban metabolism method has not reached consensus on these and other
elements for the modeling of urban resource flows.

This lack of consensus is a major motivator behind the work presented here. While there are
many elements that require attention in the formulation of a robust MFA for urban zones, a
critical aspect of further development involves identifying and providing the best linkages
between urban-scale flow accounting and the prevailing theoretical frameworks of both urban
economics and ecology.

URBAN ACTIVITIES AND RESOURCE FLOWS

The derivation of key linkages between the urban metabolism framework and urban
economics and ecology requires a brief outline of the relevant elements of these fields and an
explanation regarding their relationship to physical accounting. Understanding the economies



of cities and the ecologies that feed and reside within them would seem to be important
aspects of urban theory and research. Yet, economists and ecologists alike are latecomers to
the study of cities, having been preceded by historians and sociologists.

Urban economics

The core question for urban economics is why do people choose to locate in dense
settlements? The answers thus far are derived of a fundamental cornerstone of urban
economic theory; that of spatial equilibrium. Cities attract people, firms, and construction in a
seemingly mutually beneficial equilibrium contained within a relatively small spatial extent.
Cities exist because of the dynamics behind this spatial equilibrium. It has been the work of
the urban economists and economic geographers to explain the mechanics of this equilibrium
[24].

It turns out the governing attribute of urban spatial equilibrium is that a benefit in one location
must be accompanied by an equilibrating cost in that same location. That is, urban economies
lack the presence of arbitrage opportunities [25, 26]. In addition, the utility of a location can
be shown to be:

Utility = Income + Amenities — Housing costs — Transportation costs

The concept of spatial equilibrium has led to the development of models that attempt to
illustrate the dynamic relationships between wages, transportation and housing costs and
amenities, all while balancing centrifugal and centripetal forces in the maintenance of the
urban economy [24]. Various models have been empirically verified to show that holding
income and amenities constant leads to a close correlation between housing and transportation
costs, and similarly, holding transportation costs and amenities constant leads to a close
correlation between income and housing costs (for example, the Alonso-Muth-Mills model)
[27]. The usefulness of this conceptual framework is the ability to consider, for example, the
possibility that building integrated and community-owned renewable energy production and
storage within a city may be classified as an amenity by the residents of that urban district. In
urban economic terms this would correlate directly with housing, transportation costs and
income levels for that district. Significant work is now trained on the relationship between
urban development and environmental issues [for example, 28].

Urban ecology

Urban ecology has been focused on urban ecosystems with the intent to understand and
eventually shape the interaction between socioeconomic urban activities and natural
ecosystems [29]. Closely related to the work in urban and regional planning that addresses the
urban-nature interface, urban ecology derives its theories and methods from linking the
science of natural ecosystems with sociological studies of urban systems and form [30, 31,
32].

Some of the most intriguing and potentially useful work to come out of this field are
associations between urbanization and certain transformational effects on biogeochemical
processes [14, 33]. For our purposes, the link between key attributes of urbanization, such as
density and impermeable land cover, and particular effects on hydrological, carbon, nutrient,
oxygen and other cycles is particularly useful here. The MFA/SD approach uses the latest
research that has shown robust causal links between urbanization and ecological effects [34,
35].

Urban activities: Products, Buildings and Transport

Several models that attempt to describe resource flows within the economic and ecological
context of urban regions have been developed (notably UrbanSim/OPUS). The use of these



models for detailed analysis of specific cities and their regions is well-established. However,
robust simple models that generalize dynamics of urban systems based on an accounting of
resource flows are not well developed. The use of these models as avenues towards better
understanding of urban typologies and characteristic urban resource consumption profiles is
needed.

The model presented here delineates energy and material flows devoted to three broadly
inclusive sets of urban activities (see Fig. 1):

1. the provision of habitable space (the built environment, ua;),
2. the provision of goods and services of all types (products, ua,) and,
3. the provision of the movement of goods and people (transportation, uas).

These urban activities are formulated as provisions of urban living and working. That is, the
city is conceived of as a collection of necessary and sufficient provisions of habitable space,
goods and services (especially air, water, food, critical materials and waste removal) and
transportation.

This formalization is intended to provide a robust intellectual and operational link to the
main theoretical assertions of economic economics and urban ecology. Specifically, spatial
equilibrium is organized according to the production of firms and workers (goods and
services) and the costs of housing (built environment) and transportation. These explicit links
lend important guidance in the ongoing project to link economic models of urban growth and
development with models of resource consumption that take into account natural cycles and
biogeochemical processes.

Figure 1. represents this link as a flow diagram regulated by dynamic system relationships.
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Figure 1: Urban metabolism material flow analysis model (MFA).



DiscussION

The framework above is organized into a stock-flow model using software that incorporates
both system behavior and resource flows (energy and materials, using Anylogic® system
dynamics software). Air, water, energy and fuels, and mineral and biomass materials are
accounted for as they are required by the three urban activities listed above. Resource
intensities are defined as densities of consumption devoted to fixed and running resource
expenditures. Metabolism is defined as per capita resource consumption related to the
provision of goods and services, the built environment and transportation. Individual
composite resource intensity indices are defined for each class of urban activity. In this way,
the three urban activities can be assessed in terms of their aggregate and per capita resource
demands. Critical stocks are defined as those required to maintain a minimum urban
metabolism for the health and safety of urban residents. The constraints of this paper do not
allow a full rendering of results from simulation runs.
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