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The editor and publisher thank each of the authors who contributed to this
book. The chapters in this book were previously published elsewhere. To
cite the work contained in this book and to view the individual permis-
sions, please refer to the citation at the beginning of each chapter. Each
chapter was read individually and carefully selected by the editor; the re-
sult is a book that provides a multiperspective look at research into many
elements of what makes cities sustainable. The chapters included examine
the following topics:

* Chapter one presents the concept of “biophilic cities,” urban areas that
bring people into close contact with nature on a daily basis, and seeks to
explain how biophilic urbanism leads to sustainability and resilience.

» Chapter two focuses on the ways in which social-ecological systems shape
urban ecosystem services, calling for greater local-level stewardship.

* Chapter three discusses the issue of integration of climate change policy
within other policy agendas by reviewing and comparing the regulative en-
vironment in three Nordic cases: adaptation to climate change at the mu-
nicipal level in Denmark and Finland, and a case of local level mitigation
in Norway.

» Chapter four argues that cities should account not only for carbon emis-
sions actually emitted within their boundaries, but also for emissions that
result from urban consumption patterns of specific goods. It then proposes
an approach to accounting for these emissions using solid waste life cycle
assessments.

» The authors of chapter five assess whether larger cities are necessarily more
energy and emissions efficient, and find that larger cities produce more
emissions than smaller ones, and have not benefited from economies of
scale in terms of energy efficiency.

» Chapter six emphasizes the need to understand not only how urban climate
change experiments are made and assembled, but also how they are main-
tained within specific urban contexts.

» To counter unsustainable soil sealing practices, chapter seven assesses more
sustainable management practices meant to preserve ecosystem services and
maintain and increase urban green space. It finds promising strategies be-
ing implemented in European settings, and calls for better implementation.
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Chapter eight introduces a novel indicator and geographic information sys-
tem-based method for measuring sustainability levels at a variety of scales,
meant to be used by urban planning practitioners.

The research in chapter nine quantifies ground transportation costs to users,
incorporating costs of multi-modal users on traffic patterns. It concludes
that increasing low-cost infrastructure for bicycles results in benefits for all
transportation users.

Chapter ten discusses several sustainable technologies available for use
in peri-urban areas. Based on a participatory research model, concept sce-
narios were created and analyzed, which demonstrate that the identified
technologies can successfully supply adequate water and recover resources
for residents.

Chapter eleven analyzes urban water supply vulnerability in seventy cities
and concludes that a large portion are vulnerable today with greater vulner-
ability by 2040, even under potential mitigation scenarios.
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INTRODUCTION

Two trends come together in the world's cities to make urban sustainability
a critical issue today. First, greater and greater numbers of people are liv-
ing in urban areas, and are projected to do so for the foreseeable future.
Additionally, cities contribute to climate change in a significant way, and
must make systemic changes to mitigate and adapt to climate change ef-
fects. Urban planners face serious challenges in enhancing sustainability,
but also have an important set of tools available for creating innovative
solutions. This book adds to the conversation about the place of urban
planning in the creation and maintenance of sustainable cities.

Urban sustainability has a variety of dimensions. The first section of
this book connects sustainability and the role of nature and ecosystem
services in a healthy urban setting. The second part specifically looks at
climate change and carbon emissions in cities, and particularly advances
an understanding of the relationship between urban areas, energy, and
carbon. The third section includes chapters on measuring and advancing
the sustainability of land-use and infrastructure such as transportation. Fi-
nally, the fourth section takes a closer look at one of the most pressing
sustainability issues, the availability of water for urban dwellers around
the world.

—Kimberly Etingoff

There is a growing recognition of the need for daily contact with nature
in order to live happy, productive, meaningful lives. Recent attention to
biophilic design among architects and designers acknowledges this power
of nature.

However, in an increasingly urban planet, more attention needs to be
aimed at the urban scales, at planning for and moving towards what the
authors of chapter 1 call “biophilic cities.” Biophilic cities are cities that
provide close and daily contact with nature, nearby nature, but also seek
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to foster an awareness of and caring for this nature. Biophilic cities, the
authors argue, are also sustainable and resilient cities. Achieving the con-
ditions of a biophilic city will go far, they say, in helping to foster social
and landscape resilience, in the face of climate change, natural disasters,
economic uncertainty, and various other shocks that cities will face in the
future. Their article identifies key pathways by which biophilic urbanism
enhances resilience. While some are well-established relationships, others
are more tentative and suggest future research and testing.

Within-city green infrastructure can offer opportunities and new con-
texts for people to become stewards of ecosystem services. In chapter 2,
the authors analyze cities as social-ecological systems, synthesize the lit-
erature, and provide examples from more than 15 years of research in
the Stockholm urban region, Sweden. Their social-ecological approach
spans from investigating ecosystem properties to the social frameworks
and personal values that drive and shape human interactions with nature.
Their findings demonstrate that social-ecological systems generate urban
ecosystem services and that local stewards are critically important. How-
ever, land-use planning and management seldom account for their role in
the generation of urban ecosystem services. While the small-scale patch-
work of land uses in cities stimulates intense interactions across borders,
much focus is still on individual patches. The authors’ results highlight
the importance and complexity of stewardship of urban biodiversity and
ecosystem services and of the planning and governance of urban green
infrastructure.

Recently, considerable focus, e.g., in the fifth [PCC (Intergovernmental
Panel on Climate Change) Assessment Report (2014) has been trained on
why adaptation and mitigation have not been developed more than at pres-
ent, with relatively few local government actions taken compared with, for
example, more discursive policy agreement on the importance of the issue
of climate change. Going beyond a focus on general limits and barriers,
the authors of chapter 3 suggest that one important issue is that climate
change has not yet been sufficiently integrated into the state regulative
structure of legislation and policy-making. A comparison between three
cases suggests that local developments that are not supported in particular
by binding regulation are unlikely to achieve the same general level of
implementation as issues for which such regulative demands (and thereby
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also requirements for prioritization) exist. This constitutes an important
consideration for the development of adaptation and mitigation as policy
areas, including on the local level.

Although many cities are engaged in efforts to calculate and reduce
their greenhouse gas (GHG) emissions, acknowledge the authors of chap-
ter 4, most are accounting for “scope one” emissions (i.e., GHGs produced
within urban boundaries, such as following the protocol of the Interna-
tional Council for Local Environmental Initiatives). The authors state
that cities should also account for the emissions associated with goods,
services, and materials consumed within their boundaries—*scope three”
emissions. The emissions related to urban consumption patterns and
choices greatly influence overall emissions that can be associated with an
urban area. However, data constraints and GHG accounting complexity
present challenges. In this paper, the authors propose one approach that
cities can take to measure the GHG emissions of their material consump-
tion: the solid waste life cycle assessment (LCA) approach. They use this
approach to identify a set of materials commonly consumed within cities,
and reviewed published life cycle assessment data to determine the GHG
emissions associated with production of each. Their review reveals that
among fourteen commonly consumed materials, textiles, and aluminum
are associated with the highest GHG emissions per ton of production. Pa-
per and plastics have relatively lower production emissions, but a poten-
tially higher impact on overall emissions owing to their large proportions,
by weight, in the consumption stream.

Urban areas consume more than 66 percent of the world’s energy and
generate more than 70 percent of global greenhouse gas emissions. With
the world’s population expected to reach 10 billion by 2100, nearly 90
percent of whom will live in urban areas, a critical question for planetary
sustainability is how the size of cities affects energy use and carbon diox-
ide (CO,) emissions. Are larger cities more energy and emissions efficient
than smaller ones? Do larger cities exhibit gains from economies of scale
with regard to emissions? In chapter 5, the authors examine the relation-
ship between city size and CO, emissions for U.S. metropolitan areas us-
ing a production accounting allocation of emissions. They find that for the
time period of 1999-2008, CO, emissions scale proportionally with urban
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population size. Contrary to theoretical expectations, larger cities are not
more emissions efficient than smaller ones.

Climate change governance is increasingly being conducted through
urban climate change experiments, purposive interventions that seek to
reconfigure urban sociotechnical systems to achieve low-carbon and re-
silient cities. In examining how experiments take effect, the authors of
chapter 6 suggest that we need to understand not only how they are made
and assembled, but also how they are maintained within specific urban
contexts. Drawing on literatures from urban political ecology and the
specific debate on urban repair and maintenance, this chapter examines
maintenance in two case studies of climate change experiments in hous-
ing in Bangalore (India) and Monterrey (Mexico). The authors find that
maintenance is a crucial process through which not only urban obduracy
is preserved, but also the novel and innovative character of the experiment
is asserted and reproduced. The process of “maintaining” experiments is
a precarious one, which requires a continuous external input in terms of
remaking the experiment materially and discursively. This process causes
further reconfigurations beyond the experiment, changing the patterns of
responsibility attribution and acceptability that configure the urban fabric.

Chapter 7 turns our attention to other urban issues. Soil sealing has
negative impacts on ecosystem services, since urban green and soil get
lost. Although there is political commitment to stop further sealing, no
reversal of this trend can be observed in Europe. This paper raises these
questions: (1) Which strategies can be regarded as being efficient toward
ecologically sustainable management of urban soil sealing? (2) Who has
competences and should take responsibility to steer soil sealing? The anal-
yses are conducted in Germany, and the assessment of strategies is carried
out using indicators as part of a content analysis. Legal-planning, infor-
mal-planning, economic-fiscal, co-operative, and informational strategies
are analyzed. Results show that there is a sufficient basis of strategies to
secure urban ecosystem services by protecting urban green and reducing
urban gray where microclimate regulation is a main target. However, soil-
sealing management lacks a spatial strategically overview as well as the
consideration of services provided by fertile soils.

Measuring the comparative sustainability levels of cities, regions, in-
stitutions and projects is an essential procedure in creating sustainable
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urban futures. Chapter 8 introduces a new urban sustainability assess-
ment model: “The Sustainable Infrastructure, Land-use, Environment and
Transport model” (SILENT). The SILENT model is an advanced geo-
graphic information system and indicator-based comparative urban sus-
tainability indexing model. The model aims to assist planners and policy
makers in their daily tasks in sustainable urban planning and development
by providing an integrated sustainability assessment framework. Chap-
ter 7 gives an overview of the conceptual framework and components of
the model and discusses the theoretical constructs, methodological proce-
dures, and future development of this promising urban sustainability as-
sessment model.

Efforts to reduce the environmental impacts of transportation infra-
structure have generally overlooked many of the efficiencies that can be
obtained by considering the relevant engineering and economic aspects
as a system. In chapter 9, the authors present a framework for quantifying
the burdens of ground transportation in urban settings that incorporates
travel time, vehicle fuel, and pavement maintenance costs. A Pareto set
of bi-directional lane configurations for two-lane roadways yields non-
dominated combinations of lane width, bicycle lanes, and curb parking.
Probabilistic analysis and microsimulation both show dramatic mobility
reductions on road segments of insufficient width for heavy vehicles to
pass bicycles without encroaching on oncoming traffic. This delay is posi-
tively correlated with uphill grades and increasing traffic volumes and in-
versely proportional to total pavement width. The response is nonlinear
with grade and yields mixed uphill/downhill optimal lane configurations.
Increasing bicycle mode share is negatively correlated with total costs and
emissions for lane configurations allowing motor vehicles to safely pass
bicycles, while the opposite is true for configurations that fail to facilitate
passing. Spatial impacts on mobility also dictate that curb parking exhibits
significant spatial opportunity costs related to the total cost Pareto curve.
The proposed framework provides a means to evaluate relatively inex-
pensive lane reconfiguration options in response to changing modal share
and priorities. These results provide quantitative evidence that efforts to
reallocate limited pavement space to bicycles, like those being adopted in
several US cities, could appreciably reduce costs for all users
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Often centralized water supply, sanitation, and solid waste services
struggle to keep up with the rapid expansion of urban areas. The peri-urban
areas are at the forefront of this expansion, and it is here where decentral-
ized technologies are increasingly being implemented. The introduction of
decentralized technologies allows for the development of new opportuni-
ties that enable the recovery and reuse of resources in the form of water,
nutrients and energy. This resource-oriented management of water, nutri-
ents, and energy requires a sustainable system aimed at low resource use
and high recovery and reuse rates. Instead of investigating each sector sep-
arately, as has been traditionally done, chapter 10 proposes and discusses a
concept that seeks to combine the in- and outflows of the different sectors,
reusing water and other liberated resources where possible. This paper
shows and demonstrates examples of different types of sustainable tech-
nologies that can be implemented in the peri-urban areas of Mexico City
(rainwater harvesting, EcoSan and biofiltros [small constructed wetlands],
and [vermi-]composting). An innovative participatory planning method,
combining scenario development with a participatory planning workshop
with key stakeholders, was applied and resulted in three concept scenarios.
Specific technologies were then selected for each concept scenario that the
technical feasibility and applicability was assessed. Following this, the
resulting resource flows (nutrients, water, and energy) were determined
and analyzed. The results show that decentralized technologies not only
have the potential to deliver adequate water supply, sanitation and solid
waste services in peri-urban areas and lessen environmental pollution, but
also can recover significant amounts of resources thereby saving costs and
providing valuable inputs in, for instance, the agricultural sector. Social
acceptance of the technologies and institutional cooperation, however, is
key for successful implementation.

Chapter 11 presents a global analysis of urban water supply vulner-
ability in 71 surface-water supplied cities, with populations exceeding
750,000 and lacking source water diversity. Vulnerability represents the
failure of an urban supply-basin to simultaneously meet demands from
human, environmental, and agricultural users. The authors assess a base-
line (2010) condition and a future scenario (2040) that considers increased
demand from urban population growth and projected agricultural demand.
They do not, however, account for climate change, which can potentially
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exacerbate or reduce urban supply vulnerability. In 2010, 35 percent of
large cities are vulnerable as they compete with agricultural users. By
2040, without additional measures, 45 percent of cities are vulnerable due
to increased agricultural and urban demands. Of the vulnerable cities in
2040, the majority are river-supplied with mean flows so low (1200 liters
per person per day, 1/p/d) that the cities experience chronic water scarcity
(1370 1/p/d). Reservoirs supply the majority of cities facing individual fu-
ture threats, revealing that constructed storage potentially provides tenu-
ous water security. In 2040, of the 32 vulnerable cities, 14 would reduce
their vulnerability via reallocating water by reducing environmental flows,
and 16 would similarly benefit by transferring water from irrigated agricul-
ture. Approximately half remain vulnerable under either potential remedy.
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CHAPTER 1

Biophilic Cities Are
Sustainable, Resilient Cities

TIMOTHY BEATLEY anD PETER NEWMAN

1.1 INTRODUCTION: THE EMERGENCE
OF A BIOPHILIC PERSPECTIVE ON CITIES

There is increasing interest on the part of architects, planners and urban
designers in biophilic design and much new writing and literature appear-
ing in the last several years. Biophilic design holds that good design, at
the building, site, city and regional scale, must include nature and natural
elements. It is based especially on the concept of biophilia, popularized
by Harvard myrmecologist and sociobiologist E.O. Wilson. Wilson argues
that humans have co-evolved with nature and that we carry with us our
ancient brains and our need to connect with and affiliate with nature, to
be happy and healthy. Wilson defines biophilia as “the innately emotional
affiliation of human beings to other living organisms. Innate means he-
reditary and hence part of ultimate human nature”. To Wilson, biophilia is

Biophilic Cities Are Sustainable, Resilient Cities. © 2013 by the authors; licensee MDPI, Basel, Swit-
zerland. Sustainability 2013, 5(8), 3328-3345; doi:10.3390/su5083328. Creative Commons Attribu-
tion license (http.//creativecommons.org/licenses/by/3.0/).
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really a “complex of learning rules” developed over thousands of years of
evolution and human-environment interaction [1,2,3].

And there is now a growing body of evidence of the positive physical
and mental health benefits associated with greenery and green elements in
living and work environments. Research at the building scale shows strong
positive relationships between the presence of natural daylight, fresh air
and greenery, with increases in worker happiness and productivity [4].
Similar studies show the positive power of schools that incorporate natural
daylight and other green elements, to raise test scores of the students [5].
Considerable evidence and research, dating to the 1980°s, has suggested
the healing and recuperative power of nature in hospitals and health care
facilities (including Ulrich’s [6] classic study showing recovery from gall
bladder surgery is significantly enhanced by views of nature). Evidence
of the power of the green qualities and features is also emerging at neigh-
borhood community scales. Green neighborhoods and more natural living
environments have been associated with reductions in stress and increased
levels physical and mental health [7,8,9,10,11]. An important study in 7he
Lancet concludes that populations with greater exposure to green space
experience lower mortality and that green space exposure can help reduce
health inequalities [12]. The presence of nature, moreover, is associated
with improvements in positive mood, cognitive performance and even cre-
ativity [13]. A recent pilot study using portable electroencephalography
(EEG) caps further demonstrates the value of nature in reducing mental
fatigue [14]. Nature has immense power to restore, heal and fascinate.

This emerging evidence and research has helped in turn to increase
interest among urban designers and architects in designing buildings and
facilities that enhance nature. While much energy and attention of late has
been focused on biophilic design, this has largely assumed a focus on the
building or site. Beatley [15] and others argue that while integrating green
and natural elements into building design is critical, there is much value
in fact in getting people out of buildings and to thinking more holistically
about the natural qualities and conditions of the larger urban environments
in which these buildings sit.

Cities and urban environments contain a variety of ecological and green
assets, from parks to trees to rivers and riparian habitats, and increasingly,
efforts are being made to further enhance the green elements and features
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of these living and work environments. Daylighting urban streams (taking
them out of underground pipes and returning them to the surface), install-
ing trails, planting new trees and forests, community gardens, installing
green walls and vertical gardens, are among the many ways in which cities
and urban environments can become greener. Biophilic urbanism can and
must happen at different scales, and Table 1 presents some examples of
biophilic design interventions that are possible.

Increasingly cities have developed and are implementing a host of bio-
philic programs, policies and initiatives. Cities like Chicago and Portland
have developed extensive incentives and subsidies for installation of green
features, such as green rooftops. Furthermore, increasingly, green features,
such as green rooftops, are mandated, as in Toronto, for roofs over a cer-
tain size. Some cities, such as Seattle, have established so-called Green
Factor standards, mandating minimum green and landscaping elements for
certain types of new development, and other cities, such as Chicago, Bal-
timore and Montreal, are encouraging the greening of alleyways and other
otherwise grey spaces in the city. Many cities have established extensive
treeing programs and set ambitious tree-planting goals, with the cities of
New York, Los Angeles and Houston each setting the goal of a million
new trees. Furthermore, many American cities, such as Chicago and San
Francisco, have modified their planning and zoning codes to permit urban
agriculture.

The physical environment of cities, then, represents an essential requi-
site for creating biophilic cities. However, the true extent to which a city
and its residents can be said to be biophilic, will depend on many other
things, including whether and the extent to which citizens avail themselves
of this nearby nature and the amount of time residents actually spend out-
of-doors. How much they know about and care about this nearby nature
is also an important indicator. A biophilic city, moreover, is also a city in
which residents are actively involved in experiencing nature—e.g., hiking,
bird watching, sky-gazing, gardening, among many other activities. Fur-
thermore, citizens in biophilic cities have abundant opportunities to be en-
gaged in restoring and caring for the nature around them. Table 2 presents
a more comprehensive listing of the key qualities, not just those of physi-
cal design, by which a biophilic city might be described or defined (for
more detail, see Beatley [15]). It is important to recognize that biophilic
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Table 1. Biophilic city design elements across scales. Modified from Girling and
Kellett [16]; first appeared in Beatley [15].

Scales Biophilic design elements

Building Green rooftops

Sky gardens and green atria

Rooftop garden

Green walls

Daylit interior spaces

Block Green courtyards

Clustered housing around green areas

Native species yards and spaces

Street Green streets

Urban trees

Low impact development (LID);
Vegetated swales and skinny streets

Edible landscaping

High degree of permeability

Neighborhood Stream daylighting, stream restoration

Urban forests

Ecology parks

Community gardens

Neighborhood parks/pocket parks

Greening greyfields and brownfields

Community Urban creeks and riparian areas

Urban ecological networks

Green schools

City tree canopy

Community forest/community orchards

Greening utility corridors

Region River systems/floodplains

Riparian systems

Regional greenspace systems

Greening major transport corridors

cities are not simply green cities. The presence of abundant nature is a
necessary, but not sufficient condition, and the “philic” is as important as
the bio. In biophilic cities, residents are directly and actively engaged in
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learning about, enjoying and caring for the nature around them and have
developed important emotional connections with this nature.

1.2 BIOPHILIC CITIES AND
URBAN SUSTAINABILITY AND RESILIENCE

Sustainability has emerged over the last two decades especially as an
important goal and frame of reference for cities, and both authors have
written extensively about what urban sustainability entails [17,18]. Sus-
tainability is ideally understood as a holistic frame of reference for guid-
ing city development and for helping cities to do many things at once:
to reduce their ecological footprints and resource needs, to deepen con-
nections to landscape and place and to enhance livability and quality of
life while expanding economic opportunities for the least-advantaged,
among others.

Resilience has emerged as another important parallel concept and goal
and an urban aspiration increasingly stated alongside (and sometimes re-
placing) sustainability. Given the impacts (current and potential) of global
climate change, an increasingly volatile climate and the already serious
range of disasters and hazards faced by cities around the world, global
resource conflicts and constraints, long term decline in global oil supply
and a global economic system that seems increasingly susceptible to vicis-
situdes and flux, resilience resonates well as a concept and goal, and we
consider it a potent version or flavor of urban sustainability. What began
with adaptation to disasters and hazards (many of us began speaking in
terms of disaster-resistant and, later, disaster-resilient communities) has
now broadened to discussions of resilient cities, that take into account the
fuller range of potential shocks and stresses cities will likely face in the
future, from water scarcity, rising food prices and higher summer tempera-
tures [19]. Resilience has many meanings, of course, but at its core is the
essential ability to successfully adapt to and respond to these shocks; the
word derives from the Latin resiliere, meaning to jump back or rebound.
Godschalk, while writing primarily from a natural hazards perspective,
describes a resilient city as one that “would be capable of withstanding
severe shock without either immediate chaos or permanent harm ... While
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Table 2. Some important dimensions of biophilic cities (and some possible indicators
thereof). Summarized from Beatley [15].

Biophilic Conditions and Infrastructure

—Percentage of population within a few hundred feet or
meters of a park or greenspace;

—Percentage of city land area covered by trees or other
vegetation;

—Number of green design features (e.g., green rooftops,
green walls, rain gardens);

—Extent of natural images, shapes, forms employed in
architecture and seen in the city;

—Extent of flora and fauna (e.g., species) found within
the city;

Biophilic Behaviors, Patterns, Practices, Lifestyles

—Average portion of the day spent outside;

— Visitation rates for city parks;

—Percent of trips made by walking;

—Extent of membership and participation in local nature
clubs and organizations;

Biophilic Attitudes and Knowledge

—Percent of residents who express care and concern for
nature;

—Percent of residents who can identify common species
of flora and fauna;

Biophilic Institutions and Governance

—Priority given to nature conservation by local govern-
ment; percent of municipal budget dedicated to biophilic
programs;

—Existence of design and planning regulations that pro-
mote biophilic conditions (e.g., mandatory green rooftop
requirement, bird-friendly building design guidelines);

—Presence and importance of institutions, from aquaria
to natural history museums, that promote education and
awareness of nature;

—Number/extent of educational programs in local
schools aimed at teaching about nature;

—Number of nature organizations and clubs of various
sorts in the city, from advocacy to social groups.
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they might bend from hazards forces, they would not break. Composed of
networked social communities and lifeline systems, resilient cities would
become stronger by adapting to and learning from disasters” [20,21,22].
Resilience does not imply a return to dysfunctional or unsustainable com-
munity conditions, but adaptation to dynamic social and ecological condi-
tions in ways that protect and enhance quality of life, long term ecological
productivity and public and personal health.

Resilience is not only a matter for cities and regions, of course, but
has important implications for individuals and families. It is here often
where the stresses, pressures and shocks of modern life will come to bear.
Can individuals and families adapt and cope and in what ways? Will in-
dividuals and families be able to effectively and adequately adapt to the
hotter conditions of urban neighborhoods, for instance, a likely result of
climate change? Will they be able to respond effectively to future natural
disaster events, as well as the impacts of future economic downturns (e.g.,
unemployment, rising food prices)? We are concerned here as well with
the steps that can be taken to foster resilience at these levels: the ability of
individuals and families to spring-back, to adapt and to take advantage of
the opportunities to enhance their health and wellbeing.

It is the key premise of this paper that there are important relationships
between biophilia or biophilic cities and urban sustainability and resilience
and, more specifically, that the former helps to advance the latter. That is
movement in the direction of making cities greener, more natural, more
biophilic, will also help to make them more resilient. There are many path-
ways from biophilic design and urban biophilia to urban resilience, many
ways in which the conditions of green and biophilic cities will also serve
to make a city more resilient in the long run, ecologically, economically
and socially. Some of these biophilic pathways are direct: as when invest-
ments in green infrastructure (say restoring wetlands or planting drought
tolerant vegetation in cities) serves to yield resilience benefits and out-
comes (e.g., reduced summer temperatures, reduced flooding from coastal
storms). Other pathways are more indirect: as when green elements serve
to stimulate or enhance beneficial and health-inducing behaviors, such as
walking, that in turn serves to enhance the resilience of individuals and
families to cope with future stresses. Figure 1 presents a very tentative
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conceptual diagram depicting the general flow of these pathways and sug-
gesting some especially important pathways through which biophilic cit-
ies or biophilic urbanism, might positively influence urban resilience.

1.3 SOME KEY PATHWAYS FROM
BIOPHILIC URBANISM TO URBAN RESILIENCE

1.3.1 RESILIENCE THROUGH URBAN NATURAL SYSTEMS

There are a number of primary pathways, we believe, by which biophilic
cities or biophilic urbanism will enhance or increase urban resilience.
Some of these pathways and relationships have been well-researched and
well-established. Others are more tentative and in need of additional work.

One of the clearest pathways is biophysical, the resilience benefits
provided through the protection and enhancement of the natural systems
and features in and around a city. We know that the green infrastructure
of a city and region—rivers and riparian areas, floodplains and wetlands
and large swaths of forested land—all provide essential services, that help
cities and urban regions respond to and spring back from climatic and
natural events. Cities with large natural wetland systems will be better
able to absorb flood waters from hurricanes and storms, for instance. In
New Orleans, for instance, vulnerability to storms and flooding has been
significantly increased as a result of a long history of wetlands alterations.
Costanza, Mitsch and Day [23] have argued compellingly for giving re-
newed importance to preserving and protecting an intact system of wet-
lands around New Orleans as a key strategy for long term resilience. These
flood protection services carry a considerable economic value that must
be recognized: “Had the original wetlands been intact and levees in better
shape, a substantial portion of the US$100 billion plus damages from this
hurricane [Katrina] probably could have been avoided” [23]. In a more
recent paper, Costanza and colleagues estimate that coastal wetlands pro-
vide some $23 billion a year in hurricane protection benefits [24]. It has
been estimated that every mile of protected forested cypress swamp in
Louisiana, reduces flood surge heights by a foot or more. Protecting and
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Figure 1. Biophilic pathways to urban resilience.

restoring these larger ecological systems is a wise move in becoming more
disaster-resilient.

Recent planning and policy initiatives around water and water supply
for cities further suggest the direct resilience benefits of green infrastruc-
ture for enhancing water supply and water system resilience. The story
of New York City’s investment in the conservation and protection of its
upper watersheds in the Catskills Mountains, is suggestive of the power
of this framework. Here, the city has invested in acquisition and long term
management of land (more than 70,000 acres protected through fee-simple
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or less-than-fee simple acquisition), a far more cost-effective method than
the multi-billion dollar costs of water filtration plants and a model strongly
supporting green or ecological infrastructure [25].

More recently, cities such as Denver, have entered into new long term
restoration and conservation arrangements to make the city less susceptible
to the water-supply impacts associated with wildfire and forest degrada-
tion in its source watersheds. The initiative called Forests to Faucets, more
specifically, is an agreement between Denver Water and the U.S. Forest
Service, an acknowledgement that the City of Denver’s water supply has
been seriously compromised in recent years as a result of wildfire-related
sediment (the 2002 Hayman Fire, for instance, resulted in the deposition
of more than 1 million cubic yards of sediment into one of the city’s main
water supply reservoirs). The agreement calls for a shared funding for a
comprehensive program of interventions to enhance forest health and to
address the problems of infestations from insects and threats of wildfire.
These steps together will protect water supply delivery system for the city
of Denver and will, as well, serve to make the forest upstream of the city
more resilient in the face of these ecosystem changes. As the Denver water
press release notes: “Restoration also will help the forests become more
resistant to future insect and disease, reduce wildfire risks and maintain
habitat for fish and wildlife. More resilient forests will also be more adap-
tive to the impacts of a changing climate™ [26].

Cities with extensive tree canopy coverage provide many ecological
benefits that will make cities more resilient—including moderation of air
pollutants, cooling through evapo-transpiration and shading and reduction
in urban flooding and runoff. Protection and restoration of urban streams
and rivers will reduce vulnerability again to floods, provide important cool-
ing benefits and help to moderate the weather and temperature changes
predicted as a result of climate change (e.g., east coast American cities are
predicted to have substantially higher summer highs by 2050). The cumu-
lative impacts of green features, such as green rooftops and vertical gar-
dens, can be significant indeed. In Toronto, the first North American city
to now mandate installation of green rooftops for roofs over a certain size,
estimates suggest that conversion of flat roofs to green rooftops would
reduce urban temperatures by 1.5 degree Celsius or more [27].



Biophilic Cities Are Sustainable, Resilient Cities 13

Cities with more extensive networks of parks and greenspaces (though
their design and configuration will matter) are also likely to fare better in
the face of long term climate change. The City of Brisbane, Australia, a
remarkably green city, aspires to create a connected network of natural
areas, with topographic variation and diversity that will allow native bio-
diversity to adapt and shift as climate changes [28].

Trees and natural vegetation in cities and urban neighborhoods can help
protect property and reduce damage from wind, rain and flooding. Some
communities, such as Charleston County, SC, have developed programs
for encouraging “hazard-resistant landscaping”, planting native trees, such
as live oaks, that tend to fare well in the face of high winds [29]. Working
to make a neighborhood or community’s landscape more resilient means
finding ways to insert trees, landscaping, green rooftops and use of water
sensitive urban design features, such as bio-swales and rain gardens.

Biophilic urbanism can help to protect or strengthen favorable climatic
and micro-climate conditions in cities. A number of European cities, nota-
bly German cities, have a long history of spatial planning with climate in
mind. Notable examples include Freiburg and Stuttgart, both well-known
for their efforts at protecting natural air movement into and out of the city,
as a way of addressing urban heat and enhancing air quality and generally
the healthfulness and pleasantness of city life. Freiburg, for instance, im-
poses height limitations in certain zones to prevent interruption of these air
flows and also designs new buildings and neighborhoods to permit better
flow-through. Stuttgart, as a further example, has designated a series of
“ventilation lanes” where future development is restricted [30].

Many of the biophilic city elements contained in Table 1 and Table 2,
will also help cities become more resilient in the face of a host of emerg-
ing resource scarcities likely in the decades ahead, including long term
decline in global oil supply (peak oil), diminished supplies of potable wa-
ter and food, among others. Greening cities can, as already mentioned,
significantly reduce energy consumption and reduce consumption of en-
ergy for heating and cooling. In promoting modes of urban mobility other
than automobiles (walking, bicycling) there is the possibility of greater
resilience in the diminished oil supplies. Equally true, biophilic urban-
ism can achieve significant water conservation and, through the protection
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of peri-urban farms and agriculture and by promoting urban agriculture,
might help to ensure the food security of a city.

As Figure 1 suggests, these natural features and urban biophilic quali-
ties directly help cities to become more resilient, but also serve more indi-
rectly to encourage healthier lifestyles and long term coping behaviors that
will stand communities in good stead in the face of many future shocks and
stresses. Trees and green elements at the neighborhood level, for instance,
have been shown to encourage walking and outdoor-oriented activity and,
in this way, create conditions for healthier individuals and families and
laying a foundation for urban resilience [31].

1.3.2 BIOPHILIC CITIES CAN HELP TO STRENGTHEN
COMMITMENTS TO PLACE

Urban environments that are greener, more nature-full, will attract greater
interest by residents and help to strengthen emotional bonds to place and
community, in turn increasing urban resilience [32].

These green elements are an important aspect of place. They serve as
important amenities that can strengthen distinctive place qualities, nurtur-
ing a special sense of place and, in turn, commitments to place [32,33].
When identifying those cities where there is a strong sense of the unique,
that look and feel differently, elements of the natural environment are criti-
cal. Some of these, such as topography and climate, are essentially givens,
that a city can do little about, but there are many ways in which through
creative planning and development, connections to these elements can be
strengthened, with the concomitant result that an urban citizenry may ex-
hibit a stronger emotional connection with and care for the landscape and
cityscape they call home. Furthermore, this, in turn, while a tentative path-
way in need of additional research and evidence, may result in a host of
other resilience-enhancing actions, attitudes and behaviors. Places viewed
as special and distinct will likely foster emotional bonds and commitments
that may in turn translate into a variety of conditions helpful to resilience
(e.g., a citizenry willing to stay put and to roll up their sleeves to rebuild
following a disaster or a citizenry politically engaged and participative,
for instance).
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A dramatic example can be seen in Austin, Texas, a city that has em-
phasized the cultivating of qualities that make it different or unusual (and
even a buy-local campaign dubbed “Keep Austin Weird”). One of the
more impressive ways that Austin has solidified its special sense of place
is through the natural environment and most dramatically the way in which
this city has now embraced its part-time resident population of Mexican
free-tailed bats. A million and a half of these bats take up residence each
spring and summer under the city’s Congress Avenue bridge, and lining
along the top of the bridge or sitting on blankets below the bridge to watch
the nightly emergence of the bats has become a tradition in the summer
and a significant tourist draw, attracting some 100,000 tourists to Austin
each year. The bats deliver many ecological benefits, of course, and they
bring considerable direct economic benefits to the city, but they also are
part of what makes Austin different, or special, and are an important part
of the unique character and feel of the city.

These biophilic qualities are an important part of what makes this city,
and others, a place that Richard Florida argues is a city attractive to the
so-called creative class [33]. There are thus considerable economic ben-
efits from these biophilic programs and elements, as their distinctive place
contributions serve to enhance quality of life and in turn the attractiveness
of these cities. Whether cities like Austin will be able to retain businesses
and residents in the face of economic stresses and downturns, and whether
cultivating distinctive place qualities will deliver positive competitive ad-
vantages that might help such biophilic cities out-compete other similar
cities remain open questions. However, there is considerable anecdotal
evidence that cities that are greener, have more extensive green amenities,
from trail systems to extensive parks to access to nature, will fare better
in difficult global economic times. Furthermore, many cities have mayors
and leadership teams that support improvements in biophilic conditions as
an essential approach to economic development (e.g., now former mayor
Richard Daley of Chicago).

Attachment and commitment to place represent significant precursors,
it would seem, for taking (or being prepared to take) significant steps on
behalf of a community in response to a crisis or future urban shock [34].
However, the extent to which, and precise ways in which, a unique sense
of place, and personal attachments and commitments to place, will result
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in greater urban resilience remain open questions. A stronger commitment
to place can be hypothesized to lead to a host of actions that might serve to
enhance resilience and might correlate with resilience behaviors.

1.3.3 BIOPHILIC CITIES CAN ENHANCE FAMILY AND
INDIVIDUAL RESILIENCE AND ADAPTIVE CAPACITY

Biophilic cities deliver a host of positive benefits at an individual and fam-
ily level that will help to enhance ability to successfully cope with and
adapt to future stressors and shocks. Nature in cities delivers considerable
and often underappreciated health benefits, furthering bolstering city’s ca-
pacity and ability to adapt to stresses and shocks in the future. Residents
of greener neighborhoods have been found to walk more and spend more
time outside, in turn with considerable positive health effects [35].

And in times of individual and family stress, parks, green spaces, oa-
ses of nature, become even more important. As the 2008 global economic
downturn unfolded, there is evidence that urban park usage went up; na-
ture delivers importance solace and emotional sustenance, at precisely the
times when individuals and families need them [36]. A city with few such
green spaces, will be less prepared, less able to provide such emotional
comfort.

The evidence is compelling, as mentioned above, that the natural ele-
ments of cities—even views of trees and nature—deliver important posi-
tive impacts on mood and reduction of fatigue and, in turn, enhancing
individual resilience and health. A recent study by the UK mental health
organization MIND, sought to gauge the positive mood effects of a walk
in nature, and found in comparison to walking in an indoor structure, the
impacts were considerable indeed. At the end of these walks, participants
showed marked decreases in depression, anger, tension, confusion and fa-
tigue and increases in vigor [9].

And there are many more direct ways, of course, in which green urban-
ism and biophilic urban design can create more healthful environments.
Planting trees and installing green rooftops and walls, permeable paving,
are all strategies that provide shade and cooling through evapo-transpira-
tion. These help to moderate urban temperatures. Trees help to ameliorate
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air pollution, and a robust and extensive network of storm water collection
features (from permeable paving to rain gardens to urban forests) helps to
reduce the problem of combined sewer overflow (CSO), a serious water
quality problem that many American cities, from Seattle to Washington
DC, are afflicted with.

Biophilic urbanism can help to provide the basis for healthier lives
and lifestyles in many ways. An extensive network of walking and hiking
trails, the close physical proximity of large blocks of greenspaces to urban
neighborhoods and an urban land use pattern of nearby parks, all con-
tribute to at the least the possibility of a more physically active, healthier
lifestyle. Gardening and food production opportunities in the city provide
similar benefits—the opportunity to engage in an emotionally rewarding
activity, but also one with substantial calorie-burning potential and the
possibility of improving diets, as well [37].

There is special concern about the unhealthy lives of children, as seen
in rising child obesity rates, unhealthy diets and lack of physical activity,
also little connection with outside nature. Richard Louv, in his ground-
breaking book Last Child in the Woods, dubs the latter phenomenon “na-
ture deficit disorder”, pointing to many culprits of modern life, including
elevated concerns about safety of outdoor environments, the overdepen-
dence on electronic media and the criminalizing of outdoor play, among
others ([38]; there is a growing body of research on the importance of
nature in childhood health and development, see [39,40]). The time spent
by children on electronic media has actually increased in recent years [41],
boding ill for the kinds of contact with the natural world that will foster a
lifelong love of and comfort and wonder provided by nature, as well as the
physical exercise and activity that outside play generates.

Biophilic cities, as Table 2 indicates, go beyond simply provision of
parks and nearby nature, but seek to actively entice and induce urbanites
to enjoy and participate in this nature. Cities like New York, have taken
a variety of creative steps. For instance, during the summer months of
July and August families can camp in city parks throughout the five bor-
oughs. The city’s Parks Department website emphasizes the fun families
will have: “We start with a cookout, then a variety of evening activities,
such as stargazing and night hikes. You’ll sleep under the stars and awake
to the birds” [42].
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Delivering the raw ingredients of wonder and fascination in cities is
a key goal of biophilic urbanism. Partly this involves re-imagining cities
of abundant life and actively exploring ways that human urbanites can
co-exist with other animals, from the Mexican free-tailed bats mentioned
above to coyotes, birds and invertebrates, all biodiversity that cities often
have in great abundance, though could do more to protect and nurture.
Viewing birds (and listening to their calls) and watching other wildlife,
at once provides mental and emotional connections, stress reduction and
other biophysical benefits [43,44,45]. We find much to recommend in Jen-
nifer Wolch’s concept of “zodpolis”, arguing for the need to actively culti-
vate and accommodate animals in urban environments and in the process
“re-enchanting” our cities [46]. Biophilic cities are cities that accommo-
date and celebrate other life forms and in the process help to advance resil-
ience. Often the animals and wildlife of a city are an important contributor
to a unique or distinctive sense of place [15].

Nature imparts many other affective benefits to urbanites that we are
just beginning to better understand. Recent experimental evidence sug-
gests that humans are more generous in the presence of nature [47]. Gen-
erosity and a willingness to engage in a variety of helping behaviors, are
important background conditions in the event of a need to respond to and
recovery from a serious natural disaster, such as an earthquake or hur-
ricane, for instance. The sharing of critical information in the situation of
an approaching storm requires a certain commitment to and concern about
the welfare of others, personal qualities that may be significantly more
evident in green urban environments.

Regular participation in activities that engage nature in cities can have
many positive emotional and physiological benefits. Evidence is irrefut-
able that watching birds and wildlife can reduce stress, lower heart rates,
help to calm and, in medical settings, heal us. There is much emphasis of
late in the architectural community about the importance of hospital and
medical facilities that integrate natural daylight, healing gardens and other
features of nature, and this is a positive trend, to be sure. However, in many
ways it is the larger potential of designing and planning healing cities and
urban neighborhoods that is most exciting, spaces and environments that
might exert considerable preventative benefits (and preventing the need to
visit that hospital or cancer center later in life, it could be hoped).
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Food production in cities offers opportunities to at once reconnect to
landscape and nature, but also to provide some amount of food in times
and circumstances where food cost and availability may be difficult. A
city of gardeners, as with the experience of war time victory gardens, can
produce a great deal and enhance urban resilience in the face of weather
and energy shocks that may affect the flow and sourcing of food from
outside a city [48]. Maintenance of economic viability of peri-urban farms
and regional agriculture, as well as expanding opportunities to grow food
in the leftover spaces of cities, from rooftops to re-claimed building sites,
will strengthen the resilience of a city.

1.3.4 BIOPHILIC CITIES CAN HELP
BUILD SOCIAL CAPITAL AND TRUST

Biophilic cities and city initiatives can also, in many important ways, help
to bring people together in pursuit and enjoyment of common interests and
concerns and can expand and strengthen social networks and capital. As
Table 2 suggests, one way in which we can judge the biophilic bone fides
of a city is by understanding the number of its citizens engaged in one or
another activity centered around learning about or directly experiencing
nature—watching birds, hiking and camping, participating in a variety of
ecological and nature-oriented clubs and social activities. Outside activi-
ties can be solitary, to be sure, but they are often collective and social in
nature and often result in significant friendships and social relationships.
Biophilic urbanism can also often result in the development of im-
portant new personal competencies and contribute in important ways to
a sense of wellbeing and meaning. Social isolation is a significant and
growing problem in northern cities and societies, and efforts centered on
participation in nature—viewing and watching, interacting with, restoring
and repairing—can help in significant ways to overcome that isolation.
Forests, parks and green spaces are important places for socializing
and for forming new friendships. Seeland, Dubendorfer and Hansmann
[39], in a study of Zurich, conclude that such green areas are important ve-
hicles for social inclusion and for integration of immigrant youth. “Meet-
ing and communicating in open spaces ... can be a platform for breaking
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up social segregation, and therefore, public places are indispensable for
meeting and establishing contacts” [39]. Similar conclusions have been
reached about community gardens, and such green areas integrated into
living environments often serve as ready spaces for breaking-down bar-
riers of various sorts in urban neighborhoods and providing opportunities
for informal contact and socialization.

The green spaces of a city offer important sites for residents to come
together and to build a degree of cohesion and trust. Furthermore, nature
in the city can have important civilizing functions. Kuo and Sullivan, for
example, have found that reported crime rates are lower in public housing
projects with greater levels of greenery [49]. In another study of public
housing residents, Sullivan and Kuo found differences in reported levels
of violence and aggression depending on the presence of nearby nature:
“levels of aggression and violence were significantly lower”, they report,
“among individuals who had some nearby nature outside their apartments
than among their counterparts who lived in barren conditions™ [50].

Friendships and social interaction provided by direct participation
in nature activities can in turn help to strengthen adaptive capacity.
Evidence of the recuperative power of friendships is growing, suggest-
ing that a key pathway to enhanced individual and family resilience is
through programs and activities that foster socialization and help build
extensive and deep friendships [51,52]. Research from psychology sug-
gests that the presence of friends will allow individuals and families
to be more resilient in many ways, helping reduce perceptions of the
insurmountable nature of problems and contributing to a sense that life-
challenges can be overcome [52].

Biophilic green systems in cities can create the context and op-
portunities for people to come together. In Zurich, for example, one
of the few systematic efforts to daylight streams in that city (i.e., to
bring them back to the surface, from underground pipes) has created
new green spaces in neighborhoods and new opportunities for kids to
explore and spend time outside. There, fifteen years of work repairing
and daylighting streams in urban neighborhoods has resulted in 16,000
meters of restored streams and the completion of some forty stream
daylighting projects [53]. Buchli and Conraden report on the social
value and benefits of these efforts [53]:
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With respect to the Cultural System, the relationship between hu-
mans and nature in urban neighborhoods and the understanding
of, and care in dealing with, nature are important positive fac-
tors, which are strengthened by the open streams. The Social Sys-
tems include increased social interaction and networking in the
neighborhoods, citizen participation in the planning and imple-
mentation process and interdisciplinary cooperation across the
city government departments. Many stream opening projects have
contributed to strengthening the social systems and in turn have
been improved by citizen participation.

Participation and engagement with nature in cities is a key aspect of
a biophilic urbanism and can take many forms. These include participa-
tion in a variety of nature clubs and organizations and activities, from
bird-watching to native plant societies to fungi and food foraging. Some
are more recreational (hiking clubs), while others are more educational,
but all entail a form of active engagement in the community. Citizens of
a biophilic city care about and are intimately engaged in experiencing
and learning about nature. They (ideally) exhibit curiosity and experience
fascination and wonder at the wildness and majesty in and around cities.
There are a variety of social and health benefits provided through such
participation and engagement. New friendships are forged, socialization
and interaction fostered and additional meaning added to one’s life (hope-
fully). Involvement in these organizations and the activities undertaken
is also simply fun and delivers many of the important positive mood and
restorative qualities already mentioned.

We are not the first to identify these potential connections and relation-
ships, and Paton, Kelly and Doherty [54] have written a thorough chapter
examining “natural environment as a source of adaptive capacity”, with a
focus on natural disasters. They suggest, among other factors, the impor-
tant role that direct participation in local environment can have. “That is,
there is evidence that exposure [to environment] can engender a positive
and protective attitude to the local environment (e.g., Park Care, Bush Care
and Land Care Groups). This exposure may come from passive or active
participation in natural settings or from living in or near peri-urban areas”
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[54]. Many Australian cities have extensive urban Bush Care groups, a
volunteer army of citizens who engage in environmental clean-up, veg-
etation-planting and restoration work. In the City of Brisbane alone, for
example, there are more than 120 active urban bush care groups [28]. Evi-
dence suggests then that through participation bonds with place and caring
for both place and community will likely increase as a result. Paton, Kelly
and Doherty summarize these potential relationships [54]:

It is evident ... that interaction with the environment can perform
a restorative function and contribute to well-being. It can also act
as a protective factor in regard to mitigating present and future
stress, act as a catalyst for meaningful interaction that facilitates
the development and/or maintenance of adaptive capacities (e.g.,
self and collective efficacy) and contribute to the development and
maintenance of attachment and commitment to place/community.

Engaging citizenry in a host of hands-on nature activities, then, can
be an effective strategy for enhancing adaptive capacity and resilience.
There are a number of exemplary programs for engaging the public in
active participation on nature in cities around the world. These include
master naturalists programs, which further introduce the benefits of mas-
tery of subject. One of the best the Texas Master Naturalist program, a
partnership of the Texas Parks and Wildlife Department and Texas Agril.-
ife Extension Service. Through the program citizens receive training in
the nature and natural history of the state and if they meet the requisite
hours of classroom, field study and volunteer service, can become certified
master naturalists. Programs like this have been wildly popular and suc-
cessful on almost every measure. Some 6000 Texans have gone through
the training, providing more than 1 million hours of volunteer labor since
the program began in 1998 [55]. A wide range of volunteer activities has
occurred through the program, from wetlands restoration, to nesting sea
turtle patrol, to conducting field surveys.

A biophilic city also places priority on educating children and young
people about the nature around them and fostering these natural con-
nections at an early stage. In Houston, Texas, for instance, a coalition of
public and private entities called Houston Wilderness, has been actively
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educating children about the region’s biodiversity and has produced a
“wilderness passport” used by all fourth-grade classes in the Houston In-
dependent School District. The passport is a guide to the region’s ten eco-
systems and encourages the visiting of all of them [56].

There is also growing recognition that citizens can play an essential role
in helping collect data and helping in ecological sciences. This can hap-
pen through urban bio-blitzes, for instance, intensive 24-hour inventories of
the biodiversity in a particular place, often within a city. Increasingly bio-
blitzes, with significant citizen engagement, have occurred in a number of
U.S. cities (including, for instance, one organized in Central Park, in New
York City, that uncovered an entirely new species of centipede, Nannarrup
hoffmani, a very small invertebrate, with 82 legs, as it turns out). Further-
more, cities can cultivate potentially life-long citizen scientists at an early
stage, such as New York’s effort to engage seventh graders in public and
private schools throughout in monitoring salamanders at city parks [57].

City-based desert conservation efforts in the greater Phoenix area of
the U.S. offer additional positive example, especially the efforts of citizens
and a grassroots effort to create and manage a large desert preserve system
in the City of Scottsdale. Here, amazing biophilic physical resources are
available to a large segment of the population (in the form of extensive
desert habitat and hiking trails, now covering more than 17,000 acres, in
close proximity to neighborhoods), but are also complimented by oppor-
tunities to participate in the management of these spaces. The McDowell
Sonoran Conservancy shares responsibility for operating and managing
the desert preserve (along with the City of Scottsdale) and impressively
has an army of 400 volunteers, who undertake minimum training and be-
come “stewards,” participating in a variety of ways in the management of,
and education about, this immense reservoir of urban nature. Interestingly
as budgets for parks and recreation departments all over Arizona (and the
U.S.) decline, deep cuts in parks personnel have occurred. The Scottsdale
model of citizen-based management reflects in many ways a more resilient
approach to caring for these resources in times of severe budgetary limits.

Precisely what the long-term individual impacts of these kinds of bio-
philic engagement are remains to be seen and is an important area for
future research. However, it stands to reason that such grass-roots involve-
ment has many positive benefits, including a deep level of intimacy with
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environment and place and the cultivation of valuable friendships and so-
cial networks, among other benefits.

1.4 OBSTACLES TO BIOPHILIC RESILIENCE

The power and value of biophilic urbanism as an urban resilience and
sustainability strategy is clear, and a number of cities around the world
have developed and are implementing ambitious programs for restoring,
protecting and expanding the nature in and around them. As this paper
argues, the resilience benefits are many, with biophilic investments—from
trees and urban forests to healthy wetland and riparian systems—serving
to expand adaptive capacity in the face of a “perfect storm” of shocks and
stressors that global cities will face in the decades ahead. These will in-
clude heat waves, drought and other likely effects associated with climate
change, as well as natural disasters and a host of potential resource shocks
and scarcities, such as decline in global oil supplies and availability of
water and food.

In addition to the many and considerable direct benefits from biophilic
cities, there are many ways in which access to nature will make individu-
als, families and communities healthier and happier and will help to forge
new social connections and friendships, that should make such cities more
resilient. Healthier, more socially-connected individuals, families and
communities will increase the likelihood of successful adaptation to this
dynamic future.

But there are challenges ahead and much work still to be done. There
are considerable obstacles that remain in making cities more natural and
nature-full. Some of these obstacles are social and cultural, while others
are economic and legal. In many cities, for instance, many examples of
biophilic urban design and urbanism are prohibited or made difficult by
existing codes (e.g., prohibiting the disconnecting of residential down-
spouts and more localized and natural forms of storm water management).
Greener, more natural urban environments may be constrained by cultural
and aesthetic bias—failure to see the beauty in native vegetation, for in-
stance, or in urban landscaping other than manicured and finely mowed
turfgrass, and for many urbanites, there is actually a surprising amount
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of fear about nearby nature that must be overcome (i.e., spiders, bats and
even coyotes!).

Some resistance to a more biophilic urban realm, then, may actually
come from urbanites themselves. Interestingly, new experimental research
suggests that individuals underestimate the benefits and enjoyment they
will receive from spending time in nature [58]. Busy schedules, heavy
work commitments and over dependence on indoor-lives and car-depen-
dent lives represent further obstacles.

And there are obstacles presented by the prevailing short-term cen-
tered political and economic decision making mechanisms. Short term
economic cost may be an impediment, for instance, in installation of green
neighborhood or project features, such as green walls and green roofs,
though the long term savings almost always dwarfs these short term costs
(and thus a need to find creative ways to encourage long term and full-cost
accounting).

There are also other important ways in which cities could be biophilic
that have not been explored in this paper. For instance, one notion of a
biophilic city is a city that learns from, mimics and is modeled after natu-
ral systems in its functioning. Increasingly, it is recognized that a city that
strives for more local and regional sourcing of material inputs, and an
urban metabolism that is more circular in nature, will be more sustain-
able and resilient. Cities might also be viewed as more biophilic if their
buildings and built environments reflect the shapes and forms of nature,
attributes that may deliver important emotional and social benefits.

As this paper has pointed out in numerous places, there are still many
important research and policy questions to be answered in moving cities
toward biophilic urbanism. The pathways identified above are largely ten-
tative and require much additional research and practical demonstration.
We have little understanding, for instance, of what the minimum level of
nature, or access to nature, is that is required by urbanites to live healthy,
happy and resilient lives (and the cumulative impacts of different green
features and combinations of green features, in urban environments).
Much additional research is needed to better understand, moreover, the
full package of resilient benefits that is provided by a biophilic cities and
even the different basic ways in which urban biophilia can manifest (which
will likely vary by geography and climate).
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CHAPTER 2

Reconnecting Cities to the Biosphere:
Stewardship of Green Infrastructure
and Urban Ecosystem Services

ERIK ANDERSSON, STEPHAN BARTHEL, SARA BORGSTROM,
JOHAN COLDING, THOMAS ELMQVIST, CARL FOLKE,
AND ASA GREN

2.1 INTRODUCTION

The rate of urban growth is unprecedented. The Earth System has become
urbanized in the sense that decisions by the majority of the human popula-
tion now living in cities affect the resilience of the entire planet (Seto et
al. 2011). Urban demand for ecosystem services is a major driver behind
global environmental change but the choices people make are often dis-
connected from their environmental imprint in distant places (Folke et al.
1997; Grimm et al. 2008). Much of urban growth has been at the expense
of the capacity of terrestrial and marine systems to generate and sustain es-
sential ecosystem services (Foley et al. 2005) and is currently challenging
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biophysical planetary boundaries for the world as we know it (Rockstrom
et al. 2009). There is an urgent need to reconnect people in urban areas to
the biosphere (Folke et al. 2011).

Contemporary society, urban lifestyles, and changes, such as the de-
cline of traditional land uses in the peri-urban landscape, have changed
the way people in cities perceive and interact with the biosphere (Turner
et al. 2004). The physical and mental distance between urban consumers
and the ecosystems supporting them mask the ecological implications of
choices made (Rees and Wackernagel 1996; Folke et al. 1997). Instead of
oblivious consumers, cities need engaged stewards that can help redirect
urbanization into a driver of positive change for humanity and the life-sup-
porting systems that we depend upon. But how can people living in cities
with urban lifestyles be reconnected to the biosphere? How do we ensure
sustainable generation, management, and governance of ecosystem ser-
vices for human well-being in cities, as well as ensure that cities contribute
to incentives for better stewardship of distant landscapes and seascapes?

Though providing but a fraction of the ecosystem services consumed,
urban landscapes represent key arenas for learning about the way humans
interact with the environment and what sustainable ecosystem stewardship
might entail (Miller 2005; Chapin et al. 2010). The focus of this paper
is on lessons learnt for stewardship of ecosystem services within urban
social-ecological systems (Berkes and Folke 1998). We draw on more
than 15 years of empirical work within cities in relation to ecosystem ser-
vice generation in urban landscapes, particularly regulating ecosystem
services, and their stewardship with enabling institutions (e.g., property
rights), social networks and involvement of local user groups and civil
society in green area management and governance. Our work in the Stock-
holm urban landscape, Sweden, has helped reveal green areas and eco-
system services not previously perceived in urban planning and clarified
mismatches between institutions, governance, and urban ecosystems for
human well-being (Electronic Supplementary Material, Appendix S1). We
emphasize that an urban social-ecological approach (Electronic Supple-
mentary Material, Appendix S2) reduces the tension between conservation
and city expansion and provides directions for shifting urbanization pat-
terns toward sustainability. We recognize that most of our empirical work
is from one particular city set in a certain context, but believe that our
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concluding propositions for urban resilience building can communicate
with other cities and inspire theoretical discussions.

2.2 URBAN SOCIAL-ECOLOGICAL SYSTEMS

2.2.1 THE URBAN LANDSCAPE

Often, green space in urban areas can be remnants of a cultural landscape
with biodiversity-rich habitats (Barthel et al. 2005). Many cities incorpo-
rate prime habitats that sometimes are rare in the larger region. For ex-
ample, in regions where land-use intensification has led to loss of land-
scape diversity and habitats, such as ponds and non-cultivated elements,
cities subjected to other drivers have become refuges for species associ-
ated with these habitats (Colding and Folke 2009). However, biodiversity
and landscape heterogeneity in cities should not only be seen in relation to
surrounding hinterlands. Urban landscapes have evolved under extremely
complex influences of changing land uses and management practices,
sustaining some habitats and fundamentally altering others. We need a
detailed understanding of what “green” infrastructure really means in the
urban context as well as how the values have come to be (Kinzig et al.
2005; Colding et al. 2006).

Cities are rife with “novel ecosystems” (Hobbs et al. 2006), which de-
serve to be acknowledged for the values they possess in terms of biodi-
versity and ecosystem services. Comprehensive analyses of urban green
spaces have shown that land uses such as private and public gardens, cem-
eteries, old brown-fields, and golf courses may contribute significantly
to ecosystem services provided by the urban landscape (Colding et al.
2006; Goddard et al. 2010). Incentives, interests, and ambitions among
managers and stakeholders and the institutional framework set the stage
for management of such spaces and their ecosystem services (Andersson
et al. 2007). Over time, this close interaction between human actors, the
social context in which they are embedded and the landscape may lead
to biodiversity-rich systems maintained as much by human stewardship
(Barthel et al. 2005, 2010), the protection of land by the state (Borgstrom



32 Sustainable Cities: Urban Planning Challenges and Policy

2009), civil society, and socioeconomic factors (Hope et al. 2003) as by
ecological processes.

Urban landscape mosaics are often characterized by small land-use
patches and high heterogeneity. It has been suggested that landscape struc-
ture becomes ecologically important only when a certain habitat drops
below a threshold level coverage (Andrén 1994). This means that spatial
structure becomes a key concern in cities, both as ecological networks
and adjoining areas (Colding 2007; Andersson and Bodin 2009). Even if
there are calls for more integrated landscape approaches in urban planning
(Poiani et al. 2000), those commonly concern the large scale green struc-
ture and as a result leave out the potential and small scale patches within
the built up areas (Colding et al. 2006). These integrated approaches also
have to overcome the organization of urban policy that is characterized by
a multitude of separate sectors and that fail to acknowledge the complexity
of urban social-ecological systems (Runhaar et al. 2009). Issues relating
to urban ecosystem services involve a wide range of actors seldom adding
up to a comprehensive whole (Ernstson et al. 2010).

Furthermore, when addressing issues of biodiversity, both urban plan-
ning and nature conservation policies tend to focus on the establishment of
set-asides using formal protection with strong focus on threatened species
and their habitats. Such approaches risk reinforcing the land-use dichotomy
of conservation versus exploitation and simply miss and exclude many
ecologically important land uses, their ecosystem services and the local
stewards engaged (Colding et al. 2006). The location of urban protected
areas is often the result of intricate negotiations between ecological, eco-
nomic, and social interests. In many cases, the politics of decision-making
processes makes it more difficult to muster arguments for protection and
ecological recognition of such areas that are make sure that sites attractive
for urban real-estate developers (Ernstson et al. 2008; Borgstrom 2009).

2.2.2 ECOSYSTEM SERVICE IN URBAN AREAS

Green infrastructure in cities generates a diversity of ecosystem services
(Jansson and Nohrstedt 2001). While we begin to understand the impor-
tance of urban green areas we still have a limited understanding of the
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mechanisms behind the generation of urban ecosystem services. The most
commonly articulated link between urban green space and human well-
being in current urban planning is through so called cultural services, e.g.,
recreation and health (Tzoulas et al. 2007). Also provisioning services,
like food production in, for example, home gardens (Altieri et al. 1999;
Krasny and Tidball 2009) and links to biodiversity conservation have been
in focus (Goddard et al. 2010; van Heezik et al. 2012).

The studies reported here focus on the link to human well-being through
regulating ecosystem services, such as seed dispersal, pest regulation, and
pollination. These services are generated by complex interactions in urban
social-ecological systems, and not by ecosystems alone (Andersson et al.
2007) as human activities may both promote service providers (Kremen
2005) and make services available to the beneficiaries (Fig. 1). This serves
to illustrate the connection between biodiversity and ecosystem services
(Kremen 2005) and the role of biodiversity for social-ecological resil-
ience also in urban areas.

Many ecosystem services need to be locally provided in urban land-
scapes for easy access and use by a greater set of city-inhabitants, e.g.,
daily nature encounters, noise reduction, absorption of pollutants in water
and air. The small size of many urban land-use patches make it difficult
if not impossible to promote the generation of the full range of desired
ecosystem services within individual patches. A closer investigation of
regulating services reveals spatial and temporal interdependencies seldom
recognized by governance structures. Many regulating services, includ-
ing seed dispersal, pest regulation, and pollination, are not restricted to
the areas where they originate but transcend habitat boundaries and affect
also the surrounding landscape (Jansson and Polasky 2010; Blitzer et al.
2012). Such services may depend on functional connectivity (Fahrig et al.
2011) between different habitats, implying that a landscape perspective on
management and planning for urban ecosystem services is often necessary
(Colding 2007; Ernstson et al. 2010).

For example, Lundberg et al. (2008) showed how the preservation of
a highly valued recreational oak-dominated landscape benefits from seed
dispersing birds that also need coniferous forest. The coniferous forests
tend to be located outside the recreational landscape and separated from it
by administrative boundaries. Jansson and Polasky (2010) quantified the
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change in an ecosystem service over time and demonstrated how temporal
dynamics may unintentionally erode the capacity to grow alternative crops
in an agricultural system. Non-cultivated lands together with rape fields
could sustain pollination and pollinator diversity, but were insufficient in
themselves to maintain all pollinator species during periods of cereal pro-
duction. The study showed how failure to address such dynamics eroded
social-ecological resilience. By losing some of the pollinator species, the
potential for response diversity diminished, making the regulating service
more vulnerable to disturbance and change (Elmgqvist et al. 2003).

The appreciation of green infrastructures in cities is often manifested
in higher house prices close to green areas (Wittemyer et al. 2008). But
appreciation and use as they are expressed today raise concerns about the
long-term generation of ecosystem services and in particular regulating
ecosystem services. For example, when green areas attract adjoining ur-
ban development they risk becoming isolated and thereby losing some of
the biodiversity and related services that made them attractive in the first
place (Borgstrom et al. 2012). Furthermore, high human population den-
sity and limited space in cities often result in demand for multifunctional-
ity of green space, where stewardship of ecosystem services is confronted
with multiple objectives, meanings, and conflicting interests (Borgstrom
2009; Ernstson and Sorlin 2009).

2.2.3 THE FORMATION OF STEWARDSHIP
OF URBAN ECOSYSTEM SERVICES

Increasing people’s awareness of how their actions impact the biosphere
is not just a matter of close proximity to green areas, stewardship is about
getting involved, which in turn may be facilitated by institutional designs
and social movements. Today’s institutions poorly match current changes
in urban ecosystems (see Fig. 2; Borgstrom et al. 2006). Prospects for
governance of urban ecosystem services, which strongly benefit from lo-
cal stakeholder involvement, are becoming further limited when property
rights systems change due to urbanization. Property right dynamics shap-
ing human relationships to land can be quite influential, e.g., by helping
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counteract the growing disconnection of urban residents from nature (Pyle
1978). However, property right arrangements for the green infrastructure
that produce urban ecosystem services seldom receive attention in urban
settings in competition with other land uses. The global trend of privatiza-
tion of public land in cities (Lee and Webster 2006) restricts people’s abil-
ity to practically engage with urban ecosystems and their services, and if
associated with loss of diversity this development might constrain the ca-
pacity to deal with change in effective ways. Common property systems,
by which groups or a community of resource users share a common inter-
est in resource management (Ostrom 1990), are rare in relation to urban
ecosystems. This further reduces the opportunity for people and groups in
cities to have meaningful interaction and provide stewardship of their lo-
cal ecosystems (Andersson et al. 2007; Colding and Barthel 2013).

Diverse and new forms of property rights arrangements hold potential
to play a much greater role in stewardship of urban landscapes than has
hitherto been recognized (Colding and Barthel 2013). Furthermore, in-
stitutional diversity may not only increase diversity of land management
approaches (Andersson et al. 2007), but also enhance self-organization of
urban systems to adaptively deal with change, i.e., their social-ecologi-
cal resilience (Folke et al. 2003). As institutional research suggests, hav-
ing a multitude of property rights regimes that fit the cultural, economic,
and geographic context in which they are to function (Hanna et al. 1996)
appears also to be critical for resilience building of cities (Colding and
Barthel 2013).

An important motivation for civic groups, at least the more afflu-
ent, to engage in stewardship of ecosystems in urban landscapes is
sense-of-place, memory, and meaning (Andersson et al. 2007; Barthel
et al. 2010). Social-ecological memory encapsulates the means by
which knowledge, experience, and practice of ecosystem stewardship
are captured, stored, revived, and transmitted through time (Barthel et
al. 2010). For instance, in collectively managed gardens, community
engagement results in a shared history manifested in artifacts, locally
adapted organisms, trees, landscape features, and written accounts
(Nazarea 2006; Barthel et al. 2010). These objects tend to outlive the
practices that first shaped them and function as shared memory carriers
between people and across generations (Barthel et al. 2010). Different
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Figure 2. Comparatively little attention is paid to the meso-scale and cross-scale
interactions are not recognized among planners and managers of urban green
infrastructure (from Borgstrum et al. 2006).

forms of participation also carry shared memories, such as exchange
of seeds for planting and oral traditions, which in combination with
physical objects guide a portfolio of practices for how to deal with a
changing social-ecological context, and local responses to such fluc-
tuations. For instance, in some garden communities, a small percent-
age of 1 year’s harvest is often saved for the next planting. Over time,
this enhances the probability of locally adapted varieties of crops co-
evolved with human practices and local environmental conditions. So-
cial-ecological memory in collectively managed gardens, for example,
is favorable for the conservation of ecosystem service providers (Kre-
men 2005) normally associated with rural landscapes.

Current urban green spaces tend primarily to be managed at the
local scale, where within-site qualitative characteristics are the focus
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(Borgstrom et al. 2006; Andersson et al. 2007; Ernstson et al. 2010).
However, the spatial and temporal dynamics of ecosystem services of-
ten demand co-operation and co-ordination across the landscape and
administrative boundaries. Also, the full potential complexity of local
engagement becomes evident first at an aggregate level (Fig. 3). User
groups interact and form social networks whose structures may both
facilitate and constrain collective action towards ecosystem manage-
ment and stewardship (Ernstson et al. 2008, 2010). The formation of
co-management is channeled through the ability of civil society orga-
nization to build alliances between each other, and to government de-
partments. It has been found that there are often more contacts between
managers handling the same kind of area (e.g., cemeteries) than be-
tween neighboring green space managers, implying a neglect of plau-
sible spatial ecological connections (Borgstrom et al. 2006; Ernstson et
al. 2010). Actors able to connect over these boundaries, called brokers,
are crucial as they greatly increase the opportunities for a diversity of
actor groups to meet and exchange experiences. As historical (Walker
2007) and social movement research has indicated (Ansell 2003; Ernst-
son et al. 2008), urban green areas attracting a high diversity of interest
and user groups seem to have higher chances of being protected and
creating a social environment that nurture stewardship of ecosystem
services because of increased potential for effective collective action
and combination of knowledge and skills.

2.3 CONCLUSION AND IMPLICATIONS
FOR RECONNECTING URBAN AREAS TO THE BIOSPHERE

The understanding of how urban ecosystems work, how they change,
and what limits their performance, can add to the understanding of
ecosystem change and governance in general in an ever more human-
dominated world with implications for Earth Stewardship (Chapin et
al. 2010). The high concentration of people, the diverse preferences
that individuals, groups, business, and the state have for the city and
the various demands for ecosystem services will cause continuous ten-
sion, which urban planning systems should be set up to handle. The
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Figure 3. To support the continuous generation of urban ecosystem services,
governance structures are needed that connect local experiential knowledge of
ecosystem management with those of higher scale understanding outlined in the
figure. In such arrangements, the broker position in social networks should be
identified and strengthened since it may be needed to link ecosystem stewards across
scales, and on different sides of sectoral and administrative boarders. Such scale-
crossing brokers might be complemented with more ecologically focused mid-scale
managers (Ernstson et al. 2010) (figure from Ernstson et al. 2010).

importance and potential of urban planning also highlight the need for
more research in the resource scarce cities of the Global south where
the role played by planning is smaller.
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Biodiversity and ecosystem services in urban landscapes are generated
by complex interactions between ecological processes and human activi-
ties and organization. In an attempt to tackle this complexity, the scope of
the research reported here includes social science in combination with sys-
tems ecology, ranging from local ecological knowledge as a strong con-
nector between people and their environment to issues like learning, social
memory, property rights, social movements, social justice, and cultural
narratives. We have also highlighted the importance of including gover-
nance perspectives of legal protection, of actors in civil society, of bro-
kers, and of environmental movements in the co-production of ecosystem
services and biodiversity and the challenges of overcoming mismatches
between the social and ecological systems both in space and time. This
broad social—ecological approach on urban ecology has yielded a number
of findings that should be of interest for this booming field of research:

1. Current urban planning strategies often fail to acknowledge eco-
logical and social synergies. Distinct social-ecological dynamics
in seemingly similar patches result in quite different and poten-
tially complementing profiles of biodiversity and ecosystem ser-
vices that might be lost if this stewardship is not understood or
nurtured.

2. Small-scale land-use heterogeneity makes spatial organization es-
pecially important. The length and diversity of borders, biophysi-
cal as well as administrative, call for careful thinking to make
sure adjacency effects are positive and that regulating ecosystem
services reach across the urban landscapes.

3. Cities hold unexplored potential for new urban spatial designs that
integrate ecosystem services in the built environment, for restor-
ing degraded ecosystems and for strengthening ecosystem func-
tions through complementary designs of land use and urban green
structures.

4. Mismatches between social and ecological boundaries are preva-
lent. The meso-scale between local and regional is insufficiently
addressed. Governance structures are needed that connect local
experiential knowledge of ecosystem management with those
of higher scale understanding. In such arrangements, the broker
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position in social networks should be identified and strengthened
since it may be needed to link ecosystem stewards across scales,
and on different sides of sectoral and administrative borders.

5. Different property rights lead to differences in practices, will-
ingness to invest and learn about the system. Short-term tenure
is more flexible while long term may lead to in-depth, situated
knowledge and investment in restoration.

6. Participatory management approaches are critical for harnessing
the diversity found within cities. These draw on diversity in the
skill-bases that people and groups possess and also have the po-
tential to provide more effective urban ecosystem management
by taking into account multiple ways of knowing and evaluating
urban land.

Cities could become laboratories where management strategies and gov-
ernance structures for ecosystem stewardship are tested and evaluated.
As most cities are not directly dependent on having all (especially pro-
visioning) ecosystem services generated within-city boundaries, they
are comparatively safe spaces for testing new governance structures and
management practices within the domains where urban planning and de-
sign operate. For example, cities might be the best places to seek the an-
swer to how diverse and contested interests in combination with limited
space might be navigated to establish multifunctional land uses, an issue
that will become increasingly important in many different social-eco-
logical systems.

Cities arguably need to reduce their ecological footprint, but per-
haps more importantly the character of the footprint need to change.
A crucial step is to provide within-city opportunities for responsible
stewardship to help reconnect citizens to the biosphere. In general, the
promotion of “cognitive resilience building” for ecosystem steward-
ship in urban areas is central (Colding and Barthel 2013). It implies
the perceptions, memory, and reasoning that people acquire from fre-
quent interactions with local ecosystems, shaping peoples’ experi-
ences, world views, and values toward local ecosystems and ultimately
toward the biosphere. To achieve institutional changes, further studies
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are needed to explore the wider political processes that shape and pro-
mote how biophysical processes become articulated as of value, for ex-
ample through the use of framings like ecosystem services. In a world
where soon two-thirds of the population will live in cities both the
individual and institutional level of analysis is of fundamental impor-
tance. Together with further research on the ecological underpinnings
of ecosystem services, not least the cultural, future long-term urban
social-ecological research must deepen our understanding of whether
and how local stewardship and engagement in practical management
of green infrastructures increase biodiversity and availability of eco-
system services in metropolitan landscapes, and if and how it actually
stimulates a wider awareness and articulation of our global reliance on
ecosystem services and results in an urban footprint both smaller and
less detrimental to the resilience of the biosphere.
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Implementing Local Climate Change
Adaptation and Mitigation Actions:
The Role of Various Policy Instrumentg
in a Multi-Level Governance Context

F. CARINA H. KESKITALO, SIRKKU JUHOLA, NINA BARON,
HAKON FYHN, anD JOHANNES KLEIN

3.1 CHALLENGES OF CLIMATE POLICY

While increasing focus is placed on policy development in relation to cli-
mate change, it is yet unclear as to how successful or efficient these efforts
developed so far are in terms of tackling climate change, both mitigation
and adaptation. In reviewing the progress of adaptation, the latest report
of the Intergovernmental Panel on Climate Change notes that implementa-
tion has so far been relatively limited [1] and discusses multiple potential
limitations and barriers to this. With regard to mitigation, the need for
further development within international commitments, as well as national
and sub-national development, is highlighted. To a large extent, then, the
social complexity of implementation and gaining political will for the de-
velopment in the face of multiple stressors may be regarded as limiting
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progress towards managing climate change [2,3,4]. This limitation means
that there is a need to problematize the structure of implementation further.

Climate policy, both mitigation and adaptation, by nature addresses a
collective action problem, sometimes with no clearly identifiable organi-
zation or individual responsible to be steered to solve the problem. Within
mitigation, the reduction of greenhouse gas emissions requires the par-
ticipation, voluntary or involuntary, of all sectors of society from energy
production to household energy consumption and from agricultural pro-
duction to individual consumption habits. Within adaptation, the impacts
of climate change are likely to affect all sectors of society and the natural
world. The way in which this climate risk is realized depends on how in-
dividuals, societal sectors or ecosystems are exposed to hazards and how
vulnerable they are.

Both adaptation and mitigation have emerged into an arena of envi-
ronmental regulation, where related issues, i.e., energy policy, have been
addressed in the last three decades with increasing numbers of measures.
This leads to a situation where consideration needs to be given to what
types of instruments are suitable and not conficting and what kinds of is-
sues come up when these are applied jointly [5]. Thus, policy coordination
with other policy arenas becomes crucial. The increasing focus on mul-
tiple ways of steering, ranging from regulative instruments to voluntary
ones, opens up the debate whether there is a need for stronger regulation in
terms of climate policy or whether non-mandatory measures are sufficient.

Recent research has shown that multi-sectoral strategies for both miti-
gation and adaptation in the EU context have been rather unsuccessful
[6], potentially due to the complexity of integrating these into the existing
policy environment. Studies have also shown that integration within simi-
lar agendas to that of climate policy, i.e., sustainability measures, the use
of voluntary measures, has been fraught with difficulty [7,8,9,10]. Issues
such as project dependency, cost and integration into existing programmes
have hampered progress. This has meant that implementation has mainly
been short-term and piecemeal alongside normal day-to-day planning [11].

This note discusses the issue of integration of climate change with the
help of reviewing and comparing the regulative environment in three Nor-
dic cases: adaptation to climate change at the municipal level in Denmark
and Finland, and a case of local level mitigation in Norway. The term
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“regulation” in this paper is used to apply to the regulative environment
at large, and thus covers the same area as that to which policy instruments
(see Section 2.1) can be applied [12,13,14]. Our understanding of regula-
tion thus includes both stronger regulation through legal and regulatory
instruments, economic and financial instruments, and soft measures These
three cases illustrate different patterns of implementation but share the
feature that stronger overall regulation, through legal and regulatory in-
struments, is at present relatively limited. Hence, the cases provide a start-
ing point for a critical inquiry into whether the current level of regulation
is sufficient. In other words, if climate change policy is indeed a crucial
consideration in public policy, is it enough that it (in particular on the ad-
aptation side) has mainly been instituted through non-binding measures?

3.2 IMPLEMENTATION OF CLIMATE POLICY:
MIXING OF OLD WITH NEW

The development of decision-making has been expressed in political sci-
ence literature as not only that of government—i.e., steering by the state—
but of governance, or steering amongst broader groups including not only
state but also business and non-governmental organizations [15]. Multi-
level governance has been defined as the negotiated exchange between
institutions on multiple levels, including the local, regional and national
organization of the state and other actors (ibid.). However, studies also
with regard to areas other than the environment have noted that, while
multi-level governance “enabled non-hierarchical linkages for interde-
pendent policy coordination, it appeared scholars had underestimated the
conditions needed to ensure effective policy co-ordination and, hence,
convergence” [16].

Limitations have, among others, included “vertical co-ordination prob-
lems, including increasing transaction costs, which rose with ‘the number
of administrative levels and degree of subnational autonomy’” [16,17].
The multi-level setting also adds complexity in that not only state but
other means of organization are recognized: “the ‘geographical imagi-
nary’ of environmental politics, where discrete local, national and interna-
tional arenas operated in parallel, needed to give way to an account which
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recognized the complex vertical linkages between state institutions and
the emergence of new political spaces which exceed this lexicon” [18].

In particular, the EU structure has come to add to governance arrange-
ments by resulting in new issue arrangements but also reconfiguring the
state structure, for instance, through EU legislation, such as directives that
are required to be enforced at state level. The formal structure of public
policy and the instruments used are thus shifting from a purely state con-
figuration to one that also includes the EU. As a result, we should also
expect an increasing role of regulation and formal public policy instru-
ments [19,20], despite much literature having focused on the increasingly
networked nature of decision-making.

In addition to issues related to vertical coordination, it is also interest-
ing to note that existing EU-level regulation can also significantly impact
climate policy, whilst not directly addressing climate change concerns.
A good example of this is the way in which the relatively far developed
flood risk issue is dealt with in relation to an emerging policy issue of
adaptation. This follows a pattern identified for emerging policy areas and
also indicates that the largest regulative requirements for adaptation are
emerging from other, better institutionalized policy areas [21,22]. In this,
improvements in adaptation may largely result from a “download Euro-
peanization,” where cities revise their practices as a result of the required
implementation of EU programs [20]. Much literature, however, has noted
that, while these types of new arrangements are increasingly widespread,
they supplement rather than replace the state structure [15,23]. The result
is more complex as well, as binding regulation at EU level (directives) and
national level are supplemented with more mixed and more increasingly
“soft”, i.e., non-mandatory, instruments as well as with market-based, or
other non-state measures.

3.2.1 EMERGING AREAS, CHOICE OF
POLICY INSTRUMENTS AND COMPLIANCE

While the choice of public policy instruments to regulate an area is of-
ten unproblematized, it has been argued that “instrumentation is really a
political issue, as the choice of instrument—which, moreover, may form



Implementing Local Climate Change Adaptation and Mitigation Actions 53

the object of political conflict—will partly structure the process and its
results” [24]. Generally, public policy instruments are differentiated into
three major categories: (1) legal and regulatory instruments; (2) economic
and financial instruments; (3) “soft” instruments; in other words, what
could be conceived of as the “sticks”, the “carrots” and the “sermons” of
public policy [21,24]. Some also add a fourth type of instrument to the list
above, highlighting the role of institutional instruments that set the ground
rules for interaction: for instance, property regimes [25,26,27]. In addi-
tion, soft instruments are often supported by non-government centered,
market-based or other forms of regulation e.g., through development of
standards or codes of conduct. These may be developed in coordination or
with pressure from the state, or e.g., in relation to the market (see [14] for a
conceptualization of decentred regulation). Whilst these may be of crucial
importance, our focus here is mainly on public policy by the state: that is,
on how the state institutionalizes issues with high political agreement such
as those of adaptation and mitigation. We thus focus our discussion on the
three first categories.

The first of these, legal and regulatory instruments or binding regula-
tion, require “actors to act within some clearly defined boundaries of what
is allowed and what is not allowed” [21]. They are thus usually reserved
for norms with the highest level of agreement: it takes time, for instance,
for a new policy area to reach such a stage that it is given a mandatory
nature [21,22]. While implementation may still be limited, for instance in
cases where laws are not enforced, these instruments are typically backed
by threat of sanctions, such as fines or withdrawal of rights that also sup-
port some level of implementation. Legal and regulatory instruments thus
both play a normative role in supporting some actions and identifying
them as acceptable, as well as further providing possibilities for sanction-
ing non-compliance. The utilization of economic and financial instruments
may thus be applied to further support actions. However, as they usually
result in a cost to the state in terms of implementation e.g., of systems
for fines or perhaps costs for grants, they are also unlikely to be applied
in policy areas that are more newly emerged or on which less agreement
currently exists [22].

Finally, soft instruments are characterized by being voluntary and
non-coercive. Rather than imposing sanctions or requirements, they
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utilize persuasion to develop mutual agreements, and may consist of
recommendations or codes of conduct, public-private partnerships, in-
formation campaigns or voluntary/contractual agreements [21]. These
are the instruments by which emerging policy areas are likely to be
governed, and, so far, this is the area in which climate issues have been
situated. For instance, “Most countries have opted, at least up to now,
for ‘softer’ forms of governing and have abstained from intervening
directly in local climate politics” [22]. However, this is despite that
“the economic literature suggests that, in some contexts, voluntary ap-
proaches can be effective if carefully designed but are not likely to
be effective otherwise” [28]. Thus, while developing towards poten-
tially larger institutionalization would be a natural development for
issues that gain large salience, reaching this level of institutionaliza-
tion takes time. Before issues gain sufficient consensus on means and
methods to become institutionalized in legislation, less hierarchical,
soft instruments remain subject to voluntary agreement among actors.
Thus, for example, “‘soft’ policy instruments not backed by EU legis-
lation encourage coordination, benchmarking and best practice without
any threat of sanctions” [16]. In the climate area, these have included
guidelines for local authorities and dissemination of information on
good-practice cases [22]. Subsequently, among such actors, agreement
and integration of these areas may be limited to a discursive or general
policy agreement level, including a general agreement on the impor-
tance of measures (such as sustainable development or adaptation, the
level so far highlighted as most common for agreement on adaptation
according to [1]).

Institutionalization through soft measures, however, also result in
actors who do not agree with these, or de-prioritize work in these areas
due to other priorities or issues that are regarded as more pressing,
only have normative and non-binding claims on them to integrate this
area. This may be particularly noticeable at the local level. While local
government may be able to self-organize in its capacity as a relatively
strong actor within the planning framework and generally within the
areas of municipal jurisdiction (e.g., education or health care), national
level may pose multiple other requirements than climate in these ar-
eas—requirements that are mandatory. Thus, it may only be that after
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all other, stronger, requirements are taken into account that voluntary
climate issues might be able to compete for priority (and then almost
by necessity for a very limited policy space and resources). Issues that
are not subject to binding regulation may thus well be de-prioritized
as time and resources focus on mandatory issues (of which implemen-
tation of EU directives is one)—in particular, if funding is limited to
project funding, which may be the case even in well-resourced (capi-
tal) cities [29].

The consideration with regard to climate may thus not be that mu-
nicipalities or local government are not formally able to act on these
issues but rather that the regulative environment and incentive struc-
ture may result in a situation where prioritizing voluntary aims at the
level of or higher than mandatory ones may be difficult, given lim-
ited resources. However, a large number of potential considerations
can formally be taken by local government. For instance, it has been
suggested that urban climate governance may self-govern or govern
by provision with regard to the activities it controls and that “strong
leadership in the integration of processes has the ability to compensate
for a lack of guidance or supporting legislation from higher decision-
making levels” [30]. Local government may, for example, demand
specific procurement within existing procurement-requirements al-
ready adopted by higher levels. It may also influence action through
its ownership share in municipal companies, or act to “improve energy
efficiency in government offices and other municipality-owned build-
ings” [22]. Another possibility is to take initiative for, or participate
in, networks on e.g., urban climate change policy [18], leading to the
utilization of legal and regulatory instruments at the local level, such
as planning instruments [22], in relation, for instance, to adaptation. In
a similar manner, interaction with the EU level could result in a sort of
“download Europeanization” at the urban level by cities changing their
“policies, practices, preferences or participants within local systems
of governance, arising from the negotiation and implementation of EU
programs”, complemented by an “upload Europeanization” whereby
“innovative urban practices” may result in the “incorporation of local
initiatives in pan-European policies or programs” [20].



56 Sustainable Cities: Urban Planning Challenges and Policy

3.3 EXAMPLES OF IMPLEMENTATION IN THE
NORDIC CONTEXT: CROWDING OF POLICY SPACE

The review of the use of instruments suggests that, as the policy arena ma-
tures and issues become more highly accepted, so may the use of instru-
ments move from voluntary towards being institutionalized, and, if judged
important, included within binding regulation (such as the climate laws
that are now emerging in some European states). However, it would also
appear that stronger regulation with regard to climate is found in terms of
the more established areas of energy policy vis-a-vis mitigation, and flood
management vis-a-vis adaptation.

In Denmark, combinations of actions mandated on the national and EU
level are coordinated and partly prioritized at the local level. At the EU
level, the EU Floods Directive (2007/60/EC) [31] has direct impact on the
municipalities, especially those that have been identified as a risk area in
Denmark under the Directive [32]. The Floods Directive requires exten-
sive flood risk assessment analysis and action plans for all member states.
A growing focus on climate change adaptation has been developed mainly
in relation to large-scale flood event risk, considerations which resulted in
anational requirement that all Danish municipalities must develop climate
adaptation plans by the end of 2013 [33]. Subsequent changes in national
law allow local utility companies the opportunity to invest in areas even
if these are not directly related to waste water management—for instance,
projects which prevent rainwater from reaching the sewage system, by
using green areas, permeable surfaces and soakaways for retention and
infiltration [34]. Another law opened up not only aesthetic or functional
considerations but also climate-related issues to motivate restrictions in
the compulsory local plans drawn up by municipalities [35]. The responsi-
bility of practical climate adaptation at the local level has been designated
to the individual municipality, where the role of the national government is
to facilitate and control this process by providing information, advice and
regulations. To this end, the Danish Ministry of the Environment is impos-
ing a requirement that climate adaptation plans should, at a minimum,
include risk assessment mapping and action plans developed in coopera-
tion with the public and relevant stakeholders [36]. An advisory group of
experts was created to visit municipalities and assist them in their climate



Implementing Local Climate Change Adaptation and Mitigation Actions 57

adaptation planning. However, no specific funding exists beyond the op-
portunity to co-finance projects with utility companies. Large variations
in how this legislation is implemented may exist across municipalities, as
the level of institutionalization of climate change adaptation thereby cen-
ters on requiring development of climate change adaptation plans. Beyond
that, it mainly provides possibility for, rather than mandates, consideration
to climate (for example, allowing for climate-related issues to be included
in compulsory local plans).

In Finland, adaptation has primarily been governed through soft pol-
icy instruments and has not resulted in any corresponding requirements
for e.g., developing adaptation plans at the municipal level. Finland’s
National Adaptation Strategy, published as early as 2005 [37], proposed
adaptation action on a sectoral basis but was not coupled to implementa-
tion requirements. The Strategy was considered to provide little guidance
for local adaptation [38,39]. In addition, the recently published National
Adaptation Plan for Climate Change 2022 [40] stresses the sectoral and
individual responsibility for adaptation, while the state’s role is restricted
to safeguarding society’s most central functions and the provision of ex-
pertise. The Finnish Climate Act, passed in 2015 (HE 82/2014) steers the
government in the preparation of a national plan for adaptation and has
details on the reporting. However, it does not have influence on the local
adaptation, nor measures to steer it. So far, despite not being compelled
in a legally binding sense to do so, some municipalities have developed
adaptation strategies or have addressed mitigation and adaptation in a
common strategy [41,42,43,44]. All of these strategies also remain soft
instruments, since their implementation is not compulsory, nor is the non-
implementation of the strategy penalized by sanctions or the withdrawal
of rights. However, city departments can make binding decisions in their
role as public authorities, and the consideration of new knowledge in local
building codes or detailed plans can provide entry points for informed cli-
mate change adaptation [45]. Legislation also offers possibilities to shape
climate change adaptation, especially when it comes to changes in the
frequency and intensity of floods and precipitation patterns. However, few
practical adaptation measures have been undertaken separately from flood
protection measures based on the Land Use and Building Act requirement
to promote a safe and healthy living environment (132/1999, Section 5).
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Financial governing instruments that may promote climate change adapta-
tion by private individuals and companies are not widely used. The insur-
ance of homes against flood damage offers, in theory, such an instrument,
but in practice to date, premiums do not depend on the house location [46].

Issues of implementation that are relevant for comparison can be high-
lighted with regard to a case of mitigation in Norway. We chose the case
of mitigation in the private housing sector as it constitutes one of the least
strongly regulated sectors of what is otherwise a relatively strongly reg-
ulated national mitigation regime. However, as it is situated within the
broader context of a strongly regulated sector, voluntary mechanisms—for
instance with regard to house owners renovations—could be seen as un-
derpinned by a context of stronger demands.

Generally with regard to mitigation in the housing sector, Norwegian
climate and energy policy broadly follows that of the EU. National stra-
tegic documents reflect EU concerns for reducing climate gas emissions
from buildings, as well as the challenge posed by existing building mass
and private dwellings which tend to be renovated outside the sphere of
regulation [47,48]. While home renovation is steered with soft instru-
ments, such as information campaigns, counselling services, economic
support for components such as energy efficient heating systems and work
such as insulation and campaigns aimed at producers of building compo-
nents [49], binding regulations play an essential role in coordinating the
efforts of policy agents at different levels. One example is the ban on oil
heaters in houses from 2020 which was initiated by the EU and adopted by
Norway. This requirement has given policy actors in Norway a fixed point
to coordinate their efforts around. The ban is also one of the few regula-
tions that directly impact renovation in private dwellings as it requires
the replacement of oil heaters. It motivates house owners to show up at
meetings, seek information about technologies, and support programs and
solutions. The regulatory instrument also provides a context for the appli-
cation of financial and soft instrument, bringing climate policy into private
homes. Another example of the importance of legal and regulatory instru-
ments is the building code in which Norway, to a great extent, follows
EU requirements. As the code establishes a concrete, specific standard, it
has a coordinating effect for the various agents of policy implementation
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including builders, producers of building components, do-it-yourself
stores and energy consultants. As such, the building code runs like a line
from the EU, through national policy, to municipalities, thus forcing actors
implementing climate policy to coordinate with each other.

Thus, while the energy area is both highly regulated—since the 1970s
as part of the first environmental policy wave—and exerts considerable
impact on mitigation [50], this “loophole” area of private housing could
be regarded as an exception in this broader context. It demonstrates the in-
teracting complexities of a difficult-to-regulate subarea, difficult-to-reach
individual actors, and soft regulation. At present, energy policy for private
dwellings is implemented in practice by policy actors representing vari-
ous levels of government, as well as by private institutions such as DIY
stores, building companies and independent energy consultants. Many of
them take part in an informal network on the national level [51], or in lo-
cal level networks. At the municipality level, many local initiatives are
underway aimed at energy efficiency in private dwellings, for example
support to local energy counselling services and financial support for en-
ergy upgrading. Legal and regulatory instruments are coordinated between
municipalities first and foremost in the processing of planning permission
applications which follows the national building code. However, these in-
struments do not affect renovation projects in private dwellings directly as
they are not regulated in this context. Soft and financial initiatives are thus
not coordinated between municipalities in Norway but are increasingly co-
ordinated through public enterprises operation at the national level, most
notably Enova, an enterprise specifically set up to enhance the transition to
greener energy at the national level, and the Housing Bank, providing af-
fordable loans to house owners on the condition of ambitious energy stan-
dards [52]. As a result, a house owner engaged in a renovation project may
experience that a number of policy agents have a say in the project, and
they may provide different advice or express different requirements—and
thus that an unclear policy situation with multiple potential choices limits
action on mitigation in private housing. Even though policy agents tend to
form networks in Norway, several actors have expressed their frustration
over difficulties in coordinating their efforts, both between different levels
of government but also between institutions at the same level.
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3.4 DISCUSSION

This note discusses implementation of climate policy in the Nordic con-
text. The three examples show how the policy arena is created through
the multilevel governance arrangements, resulting in the proliferation of
instruments for steering. The case of Norway illustrates well the prob-
lematic nature of nested implementation within the more highly regu-
lated and more traditional environmental energy policy area. In this case
of reduction of energy use in buildings, significant cooperation was seen
as developing as a result of binding regulations, requiring coordination
between actors. However, given the large number of actors in the sector
and the complexity and subsequently modestly regulated nature of en-
ergy use in family level dwellings, this area was subject both to multiple
and uncoordinated actors and soft regulation with limited implementa-
tion. The case can thus be seen to illustrate the fact that governance (be-
tween multiple actors and using multiple types of instruments, in partic-
ular soft instruments) requires much more coordination between actors
than does traditional government steering in order to be successful [16].
The problems with coordination of climate policy for buildings are first
and foremost concerned with financial and soft instruments, as agents do
not coordinate efforts. This is because they are not forced to do so, and
house owners turn away from the voluntary policies as its focus on de-
tails (in line with broader regulation, but applicable there as mandatory)
contradicts their own more fluid renovation practices, and they are often
not considered consistent.

In the two adaptation cases, in Denmark and Finland, flood manage-
ment imposes by far the greater regulative requirements compared to
adaptation to climate change. In comparison to flood management, ad-
aptation policy has not gained such a level of implementation in the EU
(where it is so far only developed as a non-binding strategy [53]), nor at
the national level. In both the Danish and Finnish cases, thus, adaptation
is largely managed through considerations in relation to flood risk under
the existing EU requirements. This raises concerns over how to coordinate
these requirements with the national adaptation plan requirements. The
two countries diverge in that Denmark has national level requirements for
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municipal development of an adaptation plan, while a development of an
adaptation plan in Finland is voluntary. However, the requirements for ad-
aptation developed through legal means largely open up for municipalities
to consider adaptation in Denmark, rather than require them to do so, and
place no binding requirements on municipalities.

Hence, the regulation that is becoming most important is not in the
emerging area of adaptation but focused on the case of flood risk. This
“add on” of a new policy problem, a complex one, results in multiple
questions when considering the choice of policy instruments. If this new
area, adaptation in this case, consists of already regulated policy areas
addressing parts of the new concern, how does one integrate new steer-
ing mechanisms in a way that does not reduce, contradict or in other
ways “mis-match” with existing ones? These considerations suggest that
the possibility of “mainstreaming” or integrating climate change into an
existing regulative context can not be taken as given, but should rather
be problematized with regard to what can be done at what level of regu-
lation and use of instruments, within the existing regulative context and
the competing priorities or requirements that may exist [54,55]. These
findings are partly supported elsewhere, as it has been found that, despite
significant possibilities for the municipal level to self-organize such as
through providing leadership on climate issues or utilizing planning in-
struments available on the local level, measures have often retained a
relatively soft, guiding character [1,22,30,56,57,58]. While successful
examples can be seen for instance in the Netherlands, it could be argued
that the high level of integration of water issues into legislative and plan-
ning systems [59] and their application in well-resourced larger cities,
such as Rotterdam, as well as related existing spatial planning mecha-
nisms and processes, together pose a context of well-developed instru-
ments and practices without which the integration of adaptation in these
cases cannot be understood [2].

While soft measures have often been highlighted as crucial to the lo-
cal level, this comment thus calls to attention that there are inherent limits
in such instruments, for instance in the absence of political will or given
de-prioritization in relation to existing mandatory requirements [24]. Non-
mandatory developments may be less likely to be well funded and will
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have to compete with all mandatory requirements for funding and imple-
mentation at any level [11,60]. Participation and bottom-up issue building
will, while possibly locally effective, thus require high levels of agreement
as well as coordination to attain uploading to European level [16].

3.5 CONCLUSIONS

Given that climate change has been emphasized as an area of broad soci-
etal risk, we thus highlight a need to develop approaches to integrate the
emerging area of adaptation within a structure of mandatory regulation.
These do not need to contradict the necessity to consider local variability
[33]: first steps could, for example, include requiring explicit decisions
on the role of adaptation in various council decisions where relevant.
The role and application of mandatory adaptation planning now required
in the Danish case may also be important to consider as a model for other
countries. While it is difficult to pinpoint in what other specific ways
stronger regulation could have been enacted in the Danish and Finnish
cases, as multiple options exist, a comparison could be made with a UK
case. In England, the integration of an indicator on adaptation within a
national assessment system provided a reason for local government to
prioritize adaptation, as adaptation could be selected as one of the indi-
cators on which local government reported and was assessed for funding
on the national level [60]. After the decommissioning of the indicator
system and this national indicator with it, interviewees noted that it was
becoming more difficult to prioritize adaptation [60,61] While the ways
in which adaptation is more strongly regulated need thus not necessarily
always be through legislation, increasing institutionalization will need
to relate to existing systems providing for prioritarization and setting
requirements. Relevant measures will depend on and should be assessed
within the types of regulative systems that already exist, with an eye to
placing climate change at a level that reflects the importance it is ac-
corded in that decision-making system.

Rather than making the limited implementation of climate change is-
sues so far surprise us, we should thus instead review the regulative con-
text and opportunities [24]—not least given the large variety of areas with
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which climate change issues intersect—for integration or mainstreaming
that places climate not only rhetorically but also in practice at par with
other issue areas.
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4.1 INTRODUCTION

It has been estimated that about 78% of global carbon emissions can
be directly and indirectly related to cities [1,2]. To avoid the most cata-
strophic consequences of global climate change, greenhouse gas (GHG)
emissions associated with urban centres must be dramatically reduced
[3-5]. Toward this goal, many cities are engaged in efforts to calculate
and reduce their green house gas emissions. Most are accounting for
GHGs produced within urban boundaries, often referred to as “scope
one” emissions. A growing awareness among researchers suggests that
in order to achieve globally relevant reductions in atmospheric carbon
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levels, municipal governments and urban residents should also take re-
sponsibility for urban “lifestyle” or consumption emissions: emissions
mostly related to the GHGs embodied in the life cycle of material goods
(as well as food) consumed in the city (scope 3 emissions) [6-10]. Infor-
mation about the GHG emissions associated with the manufacturing of
specific materials can be used to generate public awareness about impli-
cations of material consumption choices and habits. It can also be used
to develop municipal policies and programs targeting high-emissions
materials for reduction. However, data constraints and GHG accounting
complexity present challenges. We suggest that cities can use the solid
waste life cycle assessment (LCA) based approach to account for their
material consumption. We used the approach to identify a set of materi-
als commonly con- sumed in cities, and then reviewed published LCA
data to develop a range of GHG emissions values for each material. Our
review of the studies and our dataset of emissions values are presented.

Cities that measure their GHG emissions follow international proto-
cols such as the International Local Government GHG Emissions Analy-
sis Protocol [11]. These protocols account for emissions perceived to be
directly within the control of the local government. “Scope one” includes
emissions from facilities that are owned by the local government or emis-
sions produced by citizens’ activities within city limits, for example, from
motor vehicle transportation. Emissions associated with electrical energy
used to operate buildings and emissions from solid waste management
are also counted, even though these emissions are sometimes generated
outside the city, e.g. at a remote power station.

Several studies have followed similar principals in generating GHG
emissions inventories for urban settlements [12-15]. Bi et al. [14] pro-
duced a bottom up GHG emissions inventory for Nanjing, China. They
included emissions from industrial, transport, commercial and household
energy consumption; emissions from industrial processes located within
the city, and emissions from waste treatment. Kennedy et al. [13] gener-
ated GHG emissions inventories for ten cities on four continents. Their
method includes seven components: electricity, heating and industrial fu-
els, industrial processes, ground transportation, aviation transportation,
marine transportation, and waste.
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Few researchers have conducted studies that include urban consump-
tion related or, scope 3, emissions. One challenge has been data limitations
[15]. Hillman and Ramaswami [16] calculated GHG emissions for eight
US cities including embodied emissions in food, transport fuels, shelter
and cross-border freight demands. Yang and Suh [17] accounted for the
GHG emissions related to products consumed by Chinese urban and rural
households; and Druckman and Jackson [18] calculated the GHG emis-
sions required to satisfy average UK household demand for goods and ser-
vices between 1990 and 2004. To date, no standard method for assessing
GHG emissions from urban material consumption has been determined.

One GHG accounting approach increasingly being used at the sub-
national/urban scale is “environmental input-output analysis” (EIOA) [19-
21]. Tt uses local expenditure data ($) for some consumption items like
food and materials, and relates them to carbon emissions in an extension
of conventional monetary input-output analysis. However, that approach
usually does not provide data at the scale of specific material types such as
newsprint and cardboard, or even at the scale of product groups like paper
or plastic. Rather, EIOA operates at the industry scale (e.g., emissions per
§$ value of the national paper or plastic industry). Further, the approach
requires cities to have detailed residents’ expenditure data to generate
input-output tables, a requirement that many cities cannot easily meet.

It follows that if cities are to take on measurement, monitoring and de-
velopment of policies to reduce material consumption-related GHG emis-
sions, they require local data and a method that is not too onerous [22].
The “solid waste LCA based approach” [23-26] we suggest here over-
comes data limitations by using data many cities already collect, solid
waste volume and composition data, to identify patterns of material con-
sumption. It then uses data from a wide range of life cycle assessment
studies to determine the GHG emissions associated with production of a
material or product. For this paper, we used the approach to identify four-
teen materials commonly consumed in cities in high income countries,
and conducted a thorough review of published, process life cycle studies
to determine GHG emissions values for each material. The range of GHG
emissions values we present for each material reflects the variability of
life cycle characteristics associated with production method and location.
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4.2 METHODS

While cities do not commonly monitor or document their residents’ material
consumption, they do manage and monitor solid waste. The “component
solid waste LCA based approach” uses urban waste stream data to iden-
tify the major types of materials consumed in urban areas. This approach
to estimating urban material consumption was developed by Simmons et
al. [24]; Chambers et al. [26], and Barrett et al. [23] as part of their studies
on urban sustainability using ecological footprint analysis. It has been used
since by some footprint studies at the urban scale [21,22]. The logic behind
the approach is that most materials consumed end up in the waste stream,
some in a matter of minutes after consumption, others after years. Although
waste stream data will not represent the exact quantities of all materials con-
sumed in a city over a given period of time, it is reasonable to assume that
the proportions of materials (by weight) found in the waste stream reflect
the proportions consumed. In this way, a set of regularly consumed materi-
als can be identified by type and weight. In absence of other urban material
consumption data, the waste stream serves as a useful proxy.

We reviewed waste stream documentation and reporting protocols for
ten cities in relatively high income countries: Canada, United Kingdom, the
United States, Australia and Israel. The purpose of the review was to iden-
tify a general trend in the way solid waste is documented, and to generate
a list of commonly reported waste items. Cities that monitor and document
comercial and household waste composition collect data on the following
major categories: metal; glass; plastics; paper; organics; textiles; rubber; and
hazardous wastes. Many use more detailed categories. For example, paper
is broken down into paper, newsprint, and cardboard. Plastics are identi-
fied by type (polyethylene terephthalate [PET]; high density polyethylene
[HDPE]; low density polyethylene [LDPE] and polyvinyl chloride [PVC])
and by use such as plastic (film) bags and plastic bottles (e.g., Sydney, AU,
2009; Vancouver, CA, 2010; Seattle, USA, 2010; Edinburgh UK, 2010).
One consumer item that appears in the solid waste stream at high volume
and is commonly reported as a separate item is diapers (nappies). In both
Sydney, Australia and various cities in Israel [27, 28], diapers made up ap-
proximately 5%, by weight, of the residential waste stream.
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For our materials dataset, we selected the fourteen materials most
commonly reported in the urban waste stream data we reviewed: paper
1) newsprint, 2) print paper, 3) cardboard, plastics, 4) PET, 5) HDPE, 6)
LDPE, 7) PS, 8) PVC, 9) steel, 10) aluminum, 11) glass, textiles, 12) cot-
ton fabric, 13) polyester fabric, and 14) diapers.

The component solid waste LCA based approach draws GHG emis-
sions data from process life cycle assessments. We conducted an extensive
review of LCA studies and reports for each of the fourteen materials. The
review generated a total of 120 values from 69 sources. For the complete
list of studies and their emissions data see Appendix I. From each study,
for each material, we extracted the GHG emissions (CO,¢) data.

Our literature review included LCA studies in academic literature, and
in commercial and industrial publications. The studies include data from
European, North American, Asian, and Australian sources among oth-
ers to reflect world-wide production systems and conditions. Each LCA
study sets its own boundaries and scale. In order to present comparable
emissions values we made an effort to include studies that used similar
parameters, assumptions, and scales. Overall we made an effort to cover
cradle to gate data. This means data associated with the manufacturing
process from materials extraction to finished product that leaves the fac-
tory gate. This approach avoids double-counting the energy and materi-
als associated with the end of life cycle in which products are managed
as wastes and for which local governments also maintain records through
their regular waste management functions. In the case of plastics most of
our values are for plastic polymers owing to lack of available LCA data
on finished products. Our review of studies published in Chinese yielded
few results. For most products we have only one data source from China.

Because the component solid waste LCA based approach relies on
emissions data from LCA studies, it is limited by the availability and accu-
racy of those studies. LCA is well established in academic and private in-
dustrial realms, but comparability and credibility of LCA stud ies requires
improvement [29]. Several bodies are working to improve standardiza-
tion; for example, the European Commission project, European Platform
on Life-cycle Assessment, resulted in a handbook of recommendations for
life cycle impact assessment in Europe [30]. Continued standardization of
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LCA protocols will benefit cities that choose to account for consumption
related emissions using LCA based approaches.

4.3 RESULTS

Tables 1 and 2 summarize our GHG emissions review. Table 1 shows
the minimum, maximum, mean and the standard deviation of emissions
for materials in ascending order by type: glass; paper products; plastics;
steel; diapers; aluminum; textiles. N represents the number of studies from
which data was collected for each material. The table displays the relative
GHG emissions among materials by unit of material (per tonne).

However, it is the total amount consumed that determines the actual
impact of a material on the urban GHG emissions. Textiles and alumi-
num generate the highest GHG emissions per unit of material, but they
represent a relatively smaller part of the overall weight of the urban waste
stream (or consumption) in cities we reviewed.

Paper products have relatively lower GHG emissions per tonne, but
comprise a significant proportion of many urban commercial and residen-
tial waste streams. For urban planners and policy makers, both the GHG
emissions associated with a material’s per unit production, and the total,
on-going quantities consumed are necessary data. With these data, policies
and programs can be directed toward reducing consumption of materials
with high aggregate impact.

In our review of LCA studies we found variations in material emis-
sions values for studies conducted in different parts of the world (Table 2).
While these variations can be explained by variations in LCA methods and
data availability, they also likely reflect characteristics of local production
methods and energy sources (e.g., coal based electricity vs hydroelectric
sources). As more LCA data from countries like China become available,
these variations may be more prominently expressed.

A database of GHG emissions for use by city governments around
the world could make accounting for urban consumption emissions a
feasible endeavor. To account for variability in GHG emissions asso ci-
ated with production location, such a database could provide an average
value for each material that reflects the range of countries in which the
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Table 1. Range of life cycle GHG emissions associated with materials, “cradle to
gate”.

N Min Max Mean Standard
Deviation
Sub Category Kg COe/t Kg CO,e/t Kg CO,e/t Kg COe/t
Glass 8 600 1800 990 370
Cardboard 9 560 1620 890 330
Newsprint 8 780 1670 1120 350
Printing Paper 15 420 3110 1290 770
HDPE 6 580 1950 1015 670
PVC 6 1400 2510 1920 370
PET 8 1070 2890 2240 600
LDPE 6 1870 2760 2360 380
PS 8 1180 4660 2970 1120
Steel 20 1600 4020 2530 730
Diapers 3 2600 4390 3580 900
Aluminum 9 7900 18,180 10,840 3170
Cotton Fabric 9 12,760 30,000 21,500 6770
Polyester Fabric 5 15,120 32,500 26,200 9600

goods are produced. The average could even reflect each nation’s pro-
portion of the global production market for individual materials. The
database would also report minimum and maximum emission values.
Cities could choose minimum, average or maximum emissions data for
on-going monitoring.

4.4 CONCLUSIONS

Among researchers, efforts are being made to overcome data challenges,
and account for scope 3 emissions, i.e., those associated with the embodied
energy of material goods that are consumed within cities. The use of waste
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as a proxy for material consumption overcomes a major limitation of data
availability for urban planners and policy-makers. Still, it is important to
acknowledge that the solid waste LCA based approach probably does not
capture the entire volume of materials consumed, and that the approach is
highly dependent on the quality and specificity of solid waste data collec-
tion and documentation. Further, determination of GHG emissions values
for materials depends on the quantity and quality of accessible, published
LCA studies.

Our review of process life cycle assessment studies revealed that
only a limited number use detailed, primary data. The literature is also
lacking in studies related to production in China, a major manufacturer.
Despite these gaps we were able to generate a range of GHG emissions
values for each of fourteen materials commonly consumed in cities.
Among these materials we found that textiles and aluminum are associ-
ated with relatively high GHG emissions per tonne of production, com-
pared to other materials such as paper and plastics. However, paper and
plastics are consumed (found in the waste stream) in higher quanti-
ties, by weight, than aluminum and textiles so they could have equal
or greater impact on overall consumption-related emissions. Cities
aiming to account for consumption-related emissions and to develop
programs to reduce high impact material consumption need material-
specific information on both GHG emissions per unit of production,
and overall quantities of consumed.

We found an increasing number of material LCAs are being con-
ducted or commissioned by commercial and industrial associations
such as the World Aluminum Association, the European Container
Glass Federation or the European plastic producers association. Indi-
vidual companies are also publishing information on the GHG emis-
sions of their products. Perhaps more industry based studies will
become available as carbon taxes and cap and trade systems are ex-
panded. Consumer pressure for more ecologically benign products
may also encourage more reporting.

We see the material LCA approach as a valuable, accessible approach
for cities working to assess, monitor and develop policy to reduce their
consumption based contributions to global GHG emissions.
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Does Size Matter? Scaling of CO,
Emissions and U.S. Urban Areas

ICHAIL FRAGKIAS, JOSE LOBO, DEBORAH STRUMSKY
ND KAREN C. SETO

5.1 INTRODUCTION

Urbanization is a hallmark of the 21st century, characterized by massive
demographic shifts and large-scale rapid expansion of urban areas and the
built environment [1]. Recent estimates show that 60-80% of final energy
use globally is consumed by urban areas [2] and more than 70% of global
greenhouse gas emissions are produced within urban areas [3]. The major-
ity of future population growth for the remainder of this century will occur
in urban areas [4]. The increase in global energy consumption, due to a rise
in population and wealth will have significant effects on greenhouse gas
emissions, human wellbeing, and sustainability [5]-[6].

It is a stylized fact that cities offer benefits from economies of scale.
The concentration of people, large scale infrastructure and economic
activity enable innovation and efficiencies [7]. Per capita urban energy

© 2013 Fragkias et al. Does Size Matter? Scaling of CO2 Emissions and U.S. Urban Areas. PLoS
ONE 8(6): e64727. doi:10.1371/journal.pone.0064727. Creative Commons Attribution License.
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consumption in industrialized countries is often lower than national aver-
ages [8]. Several studies show that compact and mixed urban land use
coupled with co-located high residential and employment densities can
reduce energy consumption and emissions through reducing vehicle miles
traveled [9]-[10]. In this paper, we examine the relationship between pop-
ulation size of cities and carbon dioxide (CO,) emissions using data from
the U.S. urban system.

One of the most salient characteristics of an urban area is it popula-
tion size as it is both determinant and consequent of the socio-economic
activity occurring within cities [11]. Urban population size has attracted
significant attention across different disciplines as an indicator of the city
and an explanandum of urban phenomena. A large body of literature in
economics shows that larger urban agglomerations are more productive
[7], [12] and more innovative [13]-[16]. The positive and strong relation-
ship between urban size and productivity appears to be central character-
istic of modern urban economies [17]. The importance of population size
as a major factor in determining the intensity of socio-economic activity in
urban areas has recently been emphasized by research that applies scaling
analysis to a diverse spectrum of urban indicators [11], [18]—[19]. Scaling
analysis, which has been a powerful tool across many scientific domains,
represents how measurable aggregate characteristics respond to a change
in the size of the system. Its analytical strength stems from the observa-
tion that this response is often a simple, regular, and systematic function
over a wide range of sizes, indicating that there are underlying generic
constraints at work on the system as it grows.

The population size of a city, as well as its spatial organization and
structure can influence energy consumption. Energy is needed to both
maintain existing infrastructure and to fuel economic activity while eco-
nomic activity in turn affects energy demand [20], [21]. Calculations using
a production-based accounting estimate that urban areas contribute ap-
proximately 30—40% of total anthropogenic greenhouse emissions - while,
in contrast, a consumption-based accounting puts urban contributions at
60% of total, with a few wealthy cities contributing a majority of the emis-
sions [8], [19], [22]. Data from world cities suggest that climate, tech-
nology, density and wealth are important determinants of energy use and
CO, emissions [23]. Past research has also shown that cities with larger
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populations present advantages over smaller cities in terms of their energy
efficiency and CO, emissions [24].

In this paper we examine the relationship between urban population
size and urban CO, emissions and ask the question: Are larger cities more
emissions efficient than smaller ones? Furthermore, what is the relative
importance of population size compared to other determinants of emis-
sions discussed above? Given that urban populations will increase by 2—3
billion by the end of the 21st century, understanding how urban size affects
emissions can offer insight into how city size can be part of a larger re-
gional or national strategy for reducing emissions. If larger cities are emis-
sions efficient, national urban policy could encourage the development
of large cities ceteris paribus—social, economic, and governance issues
aside. Of course, urban and development policies would be constrained by
other goals that cities—especially those in developing countries—are try-
ing to achieve, including pollution abatement, poverty reduction, and in-
dustrialization, among others. Nonetheless, without fundamental scientific
understanding of the relationship between urban population size and urban
emissions, it is difficult for cities and national governments to prioritize
sustainability and urbanization policies.

5.1.1 THE IMPORTANCE OF
SCALE FOR URBAN CO, EMISSIONS

Scaling characterizes how a given systemic quantity of interest, Y, de-
pends on the size of a system. A common feature of scaling is scale invari-
ance, formalized as:

Y(N) = Y,N# (D)

where Y is a normalization constant and B is the scaling exponent,
which can also be interpreted as an elasticity as usually defined in econom-
ics [25]. The significance of this “power law” relation becomes evident
when we consider an arbitrary scale change by a factor A from N to AN.
This induces a change in Y from Y(N) to Y(AN) that can be expressed as
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Y(AN) = Z(4, N)Y(N) )

This equation expresses the relation between Y for a system of size
N, to Y for a system A times larger. When the scale factor Z depends only
on A, i.e. Z(A,N) = Z()), equation (2) can be solved uniquely to give the
scale-invariant result of equation (1) with Z(X) = AP. Scale-invariance im-
plies that such a relationship—the ratio Y(AN)/Y(N)—is parameterized
by a single dimensionless number B, usually referred to as the scaling ex-
ponent. The quantity Y(AN)/Y(N) is independent of the particular system
size N but is dependent on the ratio between sizes A. This behavior is what
produces the linear relationship when logarithms are taken of both sides
of equation (1), and the resulting straight-line on a log-log plot is the sig-
nature of a power law.

Recent research has pinpointed that cities can exhibit distinct types
of scaling relationships across various urban phenomena or properties
[11]. Sub-linear scaling (when the  exponents take a value of less than
1) parallels the allometric scaling laws observed in living organisms and
represents the existence of economies of scale arising from an increase in
efficiencies through the sharing of infrastructure; it is exhibited in electri-
cal grids (through the length of electrical cables) and road systems (length
of roads or amount of road surface) among other things. Super-linear scal-
ing (when the § exponent is greater than 1) appears to be unique to social
systems and is closely associated with the concept of network effects that
lead to human ingenuity and creativity. Super-linear scaling has been iden-
tified in the number of new patents, inventors, R&D employment, total
wages, etc. Linear scaling (when the § exponent is approximately equal to
1) signifies a proportional increase in urban phenomena/metrics with size.

The observation of scale invariance implies that the effects of increas-
ing population size are general and can be observed by comparing any two
cities, regardless of their size. If, for example, Y measures economic out-
put, and two urban areas have population sizes of N and AN, respectively,
scaling implies that the ratio of their outputs is a function of the proportion
of their population sizes A, but not of N. Scaling relations manifest an im-
portant empirical property: the phenomenon, repeats itself (albeit nontrivi-
ally) on different scales [26]. Such repetition points to possible underlying
dynamical or stochastic processes generating and maintaining the same
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relationship among structural and functional variables over the range of
the scale — typically many orders of magnitude [27]. A well-known ex-
ample of a scaling relationship in the urban realm is “Zipf’s Law”, which
states that a city’s population decreases in inverse proportion to its rank
among other cities within the same urban system [28], [29].

Population size and energy consumption in cities have often been ana-
lyzed through the concept of “urban metabolism”. The concept of urban
metabolism acknowledges that cities require a variety of inputs, among
them energy, to maintain structure and remain functional [30]. Since its
introduction in 1965, “urban metabolism” has become a widely used
framework for understanding cities as both socio-economic and biophysi-
cal entities [31]-[36]. However, if CO, emissions can be interpreted as an
indirect measure of urban energy use, the concept of urban metabolism
invites a comparison with the biological realm. One of the most celebrated
relationships in biology is the scaling relationship between metabolic rate
and organismic mass. “Kleiber’s law” states that for a vast array of organ-
isms, metabolic rate scales to the % power of the animal’s mass [37]-[40].
That is, larger animals consume more energy than smaller ones but the rate
at which energy is used increases less than proportionally to the increase
in body size. Larger organisms are therefore more energy efficient than
smaller ones. The analogy implicit in the widespread use of the concept of
“urban metabolism” lends itself to a question: are larger urban areas more
efficient (e.g. p <1) than smaller ones with regards to CO, emissions?

Before proceeding to a discussion of the data and a presentation of
results, we briefly address the use of level vs. per capita measures when
examining a scaling relationship between two variables—as captured by
Equation (1), specifically the usefulness of a per capita measure of CO,
(such as CO, emissions per urban inhabitant) as compared to a measure
of total CO, emissions for a population. When applied to urban metrics
this presumes that urban characteristics scale linearly with city popula-
tion size. If a scaling relationship exists between a variable Y and popula-
tion, dividing Y by population introduces a nonlinearity into the per capita
measure thereby reducing its accuracy [19], [41], [42]. Behind the choice
of the most adequate dependent variable—total or per capita CO, emis-
sions—Ilies a choice as to how to analytically approach cities: as extensive
systems with constant size-independent densities (per capita quantities) or
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as non-extensive systems for which densities are non-intensive and thus
highly variable [43].

Cities show extreme spatial and individual heterogeneity: individuals,
households and businesses differ markedly with respect to their attributes
and performance. There is no such thing as a representative business or
average person inside the city. Furthermore, many of the properties of the
basic constituting elements of a city depend on the size of the entire sys-
tem. CO, emissions, as an extensive property, is accurately recorded in
the aggregate but not in terms of the individual contributions. A scaling
relationship is therefore a meaningful way of capturing how scale affects
CO, emissions.

5.2 MATERIALS AND METHODS

We use CO, emissions data from Project Vulcan that quantifies U.S. fos-
sil fuel carbon dioxide emissions at 10 kmx10 km grid and at the scale
of individual factories, power plants, roadways and neighborhoods on
an hourly basis [44]. CO, emissions quantification utilizes datasets such
as air quality emissions reporting, census data, highway vehicle use re-
ports, energy use statistics, power plants emissions compliance reports,
and econometric data [44], [45]. Furthermore, Vulcan includes significant
process-level detail, dividing the emissions into 9 economic sectors and 23
fuel types [45]. We utilize the Vulcan data that is available at the level of
counties for the years 1999 to 2008.

The U.S. spatial units of analysis are the 366 Metropolitan Statistical
Areas (MSAs) and the 576 Micropolitan Areas, which together constitute
the 942 urban ‘core based statistical areas’ (CBSAs) of the United States.
An MSA is defined as an “urbanized area” (densely settled areas with a
population of at least 50,000) comprised of a central county together with
adjacent outlying counties having a high degree of social and economic
integration with the central county as measured through commuting flows.
The geographical boundaries of MSAs can thus be identified as the outer
boundaries of the set of counties that comprise them. A Micropolitan Area
is similarly defined but the urbanized area has a population of less than
50,000 but greater than 10,000. Note that the county definition for urban
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areas experienced very little change over the decade for which the data on
carbon emissions is available. In 2010, 83.7% and 10% of the U.S. popu-
lation resided in MSAs and micropolitan areas respectively; 6.3% lived
outside of MSAs and micropolitan statistical areas [46].

CBSA definitions are independent of municipal or State governmen-
tal jurisdictions or boundaries; MSAs and Micropolitan Areas constitute
in effect unified labor markets. The range of population sizes exhibited
by Metropolitan and Micropolitan Areas goes from Tallulah, Louisiana,
with 12,113 inhabitants in 2010, to the New York metropolitan area with
a population of almost nineteen million. These varied places provide their
inhabitants with a social experience recognizable as “urban.” The U.S.
Census—through its Office of Management and Budget (OMB) Bulle-
tins—updates and revises delineations of metropolitan and micropolitan
areas periodically. Our dataset thus includes all “urban” settlements of the
U.S., which generate approximately 97% of the nation’s economic output,
house about 94% of the country’s population and occupy less than 23% of
its total land area.

We aggregate the total population of each county in the U.S into the
MSA and micropolitan totals, using data from the Department of Com-
merce’s Bureau of Economic Analysis (BEA). We also aggregate the total
amount of CO, emissions (measured in millions of metric tones) allocated
to each county by the Vulcan Project into MSA and Micropolitan Area
totals based on the 2008 county delineations for metropolitan and micro-
politan areas provided by the Census Bureau. We then construct a panel
dataset for the period 1999-2008. Note that we aggregate all of the sources
of CO, emissions because we are interested in the energetic aspect of ur-
ban life and not simply on any one component—it could be that the com-
pact spatial form of cities is associated with gains in energy efficiencies
but that these gains are offset by the increased consumption facilitated by
higher productivity levels induced by larger urban agglomerations.

Following our emphasis on scaling effects, we hypothesize that urban
CO, emissions are closely related to population size and that it scales ac-
cording to a power-law relationship measured by.

Yie = YoN/, (3)
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where Y measures total CO, emissions, Y0 is a constant, N denotes popu-
lation, B is the scaling exponent, and i and t index the urban area and year,
respectively. This polynomial is a ubiquitous functional form commonly
used in the natural and social sciences. Equation (3) acts as a baseline
model and we let the data determine whether urban CO, emissions are
adequately modeled with a power-law relationship.

5.3 RESULTS

We use a decade of data for each urban area and across all urban areas to
estimate a panel for Equation (1) using a generalized least squared frame-
work which corrects for AR(1) autocorrelation within panels and cross-
sectional correlation and heteroskedasticity across panels [47]. Our 930
cross-sectional observations across 10 years provide a total of 9,330 ob-
servations. Taking the logarithms of both sides of Eq. 3 and suppressing
the panel (i,t) notation, our model yields the following result:

In(CO,) = 2.35 + 0.933 In(population) ,R? = 0.99

(0.101)(0.008) @

The 95% confidence interval for the In(population) coefficient in Eq. 4
is [.9164905,.9499573]. The coefficient is thus statistically different than
1. The scaling coefficient can be interpreted as elasticity, where a 1% in-
crease in population size is associated with a nearly proportional increase
in CO, emissions of 0.93%. The value in parentheses is the heteroskedas-
ticity-corrected standard error. Note that the same model and specifica-
tion, run only for the subsample of MSAs for the 10 years (leading to a
total of 3630 observations) yields a In(population) coefficient of 0.90 and
the same level of R2. We also conduct cross-sectional OLS estimations
for each of the ten years for which data is available, done with a correc-
tion for heteroskedasticity; these regressions yield scaling coefficients in
the order of 0.93-0.95 (a remarkable stability across time) and R? values
ranging from 0.67-0.76. Using only the subsample of MSAs, the OLS es-
timations for each of the ten years, correcting for heteroskedasticity, yield
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Figure 1. Cross-sectional log-log regressions for years (A) 1999 and (B) 2008.

scaling coefficients in the order of 0.91-0.92 and R2 values ranging from
0.67-0.68. Figure 1 plots the cross-sectional regression results for the full
sample and the two endpoint years in our dataset.

Figure 2 plots the residuals from the full-sample cross-sectional regres-
sion for year 2008. Residuals range from a minimum value of —1.4 to a
highest value of 3.9 but the vast majority range between [—1, 1]. Micro-
politan areas produce the highest positive residuals and the highest nega-
tive residuals in our analysis, compared to MSAs.

Table 1 provides specific examples of the residuals ranking of the top
20 MSAS in the United States in year 2008. The biggest 20 MSAs in the
U.S. span across a broad spectrum of the residuals ranking as shown in
Figure 2. Cities like St. Louis and Minneapolis-St. Paul exhibit the high-
est positive deviations from the estimated scaling law in this subsample
of the most populous MSAs. All MSAs that have positive residuals are
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Table 1. The 20 most populous MSAs in 2008 ranked by their deviation from the
scaling law.

Top-20 MSAs (population) Residual Deviation from
in 2008 Rank scaling law
St. Louis, MO-IL 125 Positive
Minneapolis-St. Paul-Bloom- 158 Positive
ington, MN-WI
Atlanta-Sandy Springs-Mari- 195 Positive
etta, GA
Chicago-Joliet-Naperville, 209 Positive
IL-IN-WI
Detroit-Warren-Livonia, MI 232 Positive
Houston-Sugar Land-Bay- 236 Positive
town, TX
San Francisco-Oakland- 244 Positive
Fremont, CA
Tampa-St. Petersburg-Clear- 283 Positive
water, FL
Baltimore-Towson, MD 307 Positive
Washington-Arlington-Alex- 315 Positive
andria, DC-VA-MD-WV
Phoenix-Mesa-Glendale, AZ 356 Negative
Boston-Cambridge-Quincy, 432 Negative
MA-NH
Dallas-Fort Worth-Arlington, 475 Negative
X
Riverside-San Bernardino- 485 Negative
Ontario, CA
Philadelphia-Camden-Wilm- 533 Negative
ington, PA-NJ-DE-MD
San Diego-Carlsbad-San 568 Negative
Marcos, CA
New York-Northern New 664 Negative
Jersey-Long Island, NY-NJ-PA
Miami-Fort Lauderdale-Pom- 673 Negative
pano Beach, FL
Seattle-Tacoma-Bellevue, WA 684 Negative
Los Angeles-Long Beach- 778 Negative
Santa Ana, CA
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Figure 2. Ranking of residuals from the scaling regression for year 2008.

considered to be underperforming in terms of CO, emissions given their
size. Cities like Los Angeles and Seattle exhibit the lowest negative devia-
tions from the estimated scaling law in the subsample of MSAs. Cities
with negative residuals are over-performing compared to the expectation
based on their size.

Next, we enrich the relationship represented by Equation (4) with other
important urban characteristics that may affect the energy consumption of
urban areas: population density and residents’ wealth. Studies show that
certain population density thresholds (that vary by location) are required
to support public transport. Additionally, higher population densities,
coupled with higher employment densities, also enable mixed land use,
which in turn is critical for non-motor vehicle transport [10], [47]. Here,
we use population density as an indicator of land use mix and urban form.
Population density reflects urban form which in turn affects how much the
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mobility of urban residents depends on the use of vehicles. An urban area’s
wealth is reflective of its economic composition and demographic char-
acteristics, both of which may influence the intensity with which carbon-
based fuels are used.

To control for the mediating effects of spatial form and wealth on the
relationship between population size and urban energy use we add two in-
dependent variables to Equation (3), capturing the effects of urban wealth
and population density. We define urban wealth as the per capita personal
income (measured in current dollars). “Personal income” is the income
received by individuals from all sources and is calculated as the sum of
wage and salary disbursements, supplements to wages and salaries, per-
sonal transfers (such as social security payments), as well as proprietors’,
rental, dividend and interest income minus the contributions for govern-
ment social insurance. “Per capita personal income” is obtained by divid-
ing the total income accrued to the residents of an urban area by the area’s
population. Data on urban PCPI is reported by the Department of Com-
merce’s Bureau of Economic Analysis (BEA).

We also create an urban population density measure that follows a pop-
ulation-weighted density definition [48], [49]. While a simple measure of
density captures the ratio of urban population to total land area within the
metropolitan boundaries, a population-weighted density measure resolves
the problem of the non-uniform distribution of urban population within a
city’s administrative boundaries. Thus, our density measure uses the pro-
portion of total metropolitan population found within a county as weights,
and provides a more accurate variable of urban density as experienced
by the average urban inhabitant. While our intent is to use this density
measure to control for the effects of land use mix and urban form on CO,
emissions it is important to note that the variable only imperfectly controls
for the full range of potential urban form effects. Note that significant dif-
ferences exist between the standard and the population-weighted density
measures [46]. The New York MSA is almost twice as dense, while Phoe-
nix is one and half times denser, using the population-weighted measure.

Including a measure for population density and per capita personal in-
come as controls we obtain the following estimation results (Eq. 5) for a
representative year (2008):
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In(C0,) = 1.685 + 1.028 In(population) — 0.172 In(density) + 0.364 In(pcpi) ,R* = 0.70
(1.31)(0.029) (0.037) (0.133) ©)

Robust standard errors are reported in the parentheses. The 95%
confidence interval for the In(population) coefficient in Eq. 5 is [.971,
1.084]; the coefficient is thus statistically indistinguishable from 1. This
finding is replicated across all years in our study, with coefficients rang-
ing from 1.02—1.03. While the effect of population is now linear (rather
than near linear as discussed above), the results indicate that an increase
in population density decreases CO, emissions. In particular, in terms of
elasticity, a 1% increase in our population-weighted density is associated
with a 0.17% reduction in total CO, emissions, ceteris paribus. Across all
years in our study, the estimated coefficients for In(density) range from
—0.172 to —0.149. The effect of density is always statistically significant
across the years in our study. Our findings suggest that while emissions
drop with density, the benefits from the added density (such as trip sav-
ings or shortening) are overshadowed by the effects of the size of the
metropolitan area.

Furthermore, our analysis shows that, controlling for urban population
size and average density, in 2008, differences in wealth have a small posi-
tive effect on CO, emissions —a 1% increase in personal income is associ-
ated with a 0.36% increase in total CO, emissions, ceteris paribus. Across
the years in our study, we find that this small positive effect of personal
income is typically not statistically significant at the 1% level (it becomes
statistically significant only in the latter years of our timeframe, post-2005,
and the estimate coefficient ranges between 0.26 and 0.36). This finding
in partially conflicting with the general consensus on the effect of wealth
on CO, emissions [23], [50]. Note that adding the density and wealth vari-
ables in the cross-sectional specification across all years does not improve
the explanatory power of the models.

We also report the results utilizing the panel dataset and a generalized
least squared framework which corrects for AR(1) autocorrelation within
panels and cross-sectional correlation and heteroskedasticity across panels
[47]; this approach though comes with a caveat: the personal income data
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is expressed in terms of nominal dollars (not real dollars), creating a chal-
lenge in the interpretation of the results from a panel regression (Eq. 6).

In(C0,) = 3.9 + 1.057 In(population) — 0.163 In(density) — 0.22 In(pcpi) , R? = 0.99 (6)
(0.27)(0.014) (0.017) (0.026)

While the population and density explanatory variables yield the
expected magnitude and sign, a 1% increase in personal income is now
associated with a 0.22% decrease in expected total CO, emissions, ce-
teris paribus.

5.4 DISCUSSION

Scaling is simply an emergent relationship between systemic size and
emissions. Our results show that emissions in urban areas belong to a
broader paradigm since every system needs to consume energy to maintain
structure and order. The existence of approximate scaling phenomena for
urban areas—documented using a variety of socio-economic metrics—is
an indication that there are generic social mechanisms and properties of
social systems at play across the entire urban system. Mechanisms such as
networks and flows, nonlinearities and feedback loops integrate complex
interactions among the individuals, households, firms, and institutions liv-
ing, residing and operating in these spaces, leading to emergent phenom-
ena such as scaling laws.

The near-linear relationship between population size and carbon emis-
sions suggests that large urban areas in the U.S. are only slightly more
emissions efficient than small ones. For each year in our sample, variation
in population size across cities in the U.S. urban system explains approxi-
mately 70% of the variation of CO, emissions with density and wealth
not adding explanatory power to the models. This figure does not change
when considering only MSAs—that is excluding settlements with popula-
tions between 10,000 and 50,000 people. This leaves a substantial propor-
tion of the variation to be explained in the cross-sectional data by factors
other than total population, density and wealth. Overall, stated in terms of
CO2 emissions savings, cities in the US do not exhibit economies of scale
on average (as defined by the elasticity concept we estimate in this paper)
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since they scale almost linearly. We suggest that this can only be claimed
“on average” because we are not testing for scaling across different popu-
lation types (e.g. we do not examine a potentially deviating scaling rela-
tionship arising from population specializing in distinct industrial sectors).
That is, while more substantial economies of scale may be present when a
city grows in terms of service sector or “creative” professionals, no econo-
mies may be present when the same cities adds manufacturing jobs. Our
finding represents the average effect in the specific ten year evolution of
the U.S. urban system. Controlling for variation in population density and
wealth in cities does not alter our findings.

The intuitive interpretation of the linear scaling finding can be explored
first through the analogy urban metabolism. Our finding creates a paradox
when one considers that in nature, as organisms grow in size they become
more efficient (see discussion on Kleiber’s Law above). A near-linear scal-
ing in CO, emissions, and thus only marginal gains in efficiency, casts
some doubt on the hypothesis that urban systems function similarly to bio-
logical ones. While the analogy between urban metabolism and biological
metabolism has been questioned before [36], our analysis provides further
evidence that the analogy may have empirical limits. We now know that
cities exhibit characteristics that make the natural organism analogy dif-
ficult, such as the urban phenomena that produce super-linear scaling [11].
Still, a theoretical possibility that energy use scales sub-linearly but CO,
emissions scale linearly; this would be the case if efficiencies in energy
use where overshadowed by increased carbon intensiveness of the energy
source mix that serves larger cities, the fossil fuel intensiveness of energy
used in larger cities or the energy required to produce a unit of GDP in
larger cities. Energy and emissions could scale differently because emis-
sions are dependent on the type of energy used to generate final energy,
the technology employed to use the energy, and the energy intensity of the
economy [51].

We thus argue that an intuitive interpretation of the linear scaling
finding requires an interpretation from economics, combined with an un-
derstanding of the nature of greenhouse gas emissions in the US. CO,
emissions depend significantly on the carbon intensity of the energy
source and the drivers of demand for fossil fuels. Several hypotheses can
be made on the basis of a decomposition of factors that drive demand for
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fossil fuels in localized markets. Expecting a pattern of increased savings
in CO, in larger urban agglomerations, a linear scaling of CO, emissions
may signify that larger urban areas are lagging in their capacity to curb
demand for fossil fuels proportionally to smaller urban areas. Or, it may
be the case that residents in larger urban areas are not incentivized struc-
turally (through urban form) or economically (through energy prices) to
demand lower proportions of fossil fuels in their energy mix. Furthermore,
although large urban areas are more innovative than smaller ones, they
may lack capacity in steering eco-innovations towards their local markets
for fossil fuels. These important hypotheses remain untested and need to
be addressed in future research.

Notwithstanding, our results have important energy policy implica-
tions for a rapidly urbanizing planet since they reveal the importance of
urban scale/size relative to factors such as population density and wealth.
The research shows that policymakers need to renew their attention on
issues of distributions of city sizes within national urban systems; we
show that size trumps the effects of all other variables (such as popu-
lation density and wealth) in explaining variation in CO, emissions. A
focus on urban densities and wealth is still required, as these factors are
critical for addressing various facets of global environmental change re-
lated to urban development. But as (new) world cities continue to grow,
it is important that policymakers consider the CO, emission effects of
urban size and contrast it to the effects of urban form, building materials
and transportation network structure. While we expect that scaling laws
characterize the structure and order of urban systems globally, whether
our specific U.S. results hold for all typologies of cities is beyond the
scope of this study [52], [53].

The issues associated with emissions and energy accounting meth-
ods highlight the limitations of assuming cities as “closed systems”. The
“closed system” perspective is in large part driven by the dominant con-
ceptualization of a city through its narrow administrative boundaries — a
definition of urban areas that drives data collection globally and domi-
nates research practice surrounding urban phenomena. As we build our
capacity to associate the increase of a city’s size to effects that occur far
away from a city’s boundaries, we can overcome the data-specific chal-
lenge and adopt an “open system” perspective that could drastically alter



Scaling of CO, Emissions and U.S. Urban Areas 95

our perspective on urban scaling. Through this new perspective, wealth,
for example, may be found to be a more significant driver of total urban
emissions; this is especially the case when considering emissions that oc-
cur in distal locations (or carbon sequestration capacity that is lost in distal
places) but can be attributed to demand of goods and services that arises in
specific urban areas [56]-[58].

Our “closed system” approach findings question the efficacy of using
urban size as a climate change mitigation strategy. Our results show that,
at least in the case of U.S. cities, there are no significant economies of
scale with city size and CO, emissions. Therefore, cities and policies must
consider other mitigation strategies that have been shown to have greater
impacts on emissions than population size. Furthermore, considering the
policy relevance of these findings, we claim that limited economies of
scale with respect to carbon emissions should be viewed in conjunction to
the build-up of additional evidence on urban scaling. Any strategic deci-
sion on city growth considering sustainability will have to carefully weigh
the implications of urban scale on a variety of urban metrics (including in-
novation, crime, environmental indicators, etc.). Our results contribute to
the larger picture of scaling relationships present in urban systems: given
that larger cities “speed up” the process of wealth creation and innovation
[11] and do not offer significant economies of scale in CO, emissions, a
policy favoring larger city sizes may bring about carbon reductions pri-
marily through technological advancements and eco-innovations.
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Maintaining Climate Change
Experiments: Urban Political Ecology
and the Everyday Reconfiguration of
Urban Infrastructure

VANESA CASTAN BROTO anp HARRIET BULKELEY

6.1 INTRODUCTION

Addressing climate change in the city requires an engagement with the
urban infrastructure systems that mediate the production and consump-
tion of energy and greenhouse gas emissions, and which shape urban vul-
nerability to the impacts of climate change (Monstadt 2009; Hodson and
Marvin 2011). While analyses of urban climate change responses have
typically focused on the policy sphere and the development of plans and
strategies to address the issue, acknowledging that urban infrastructure,
understood as the sociotechnical matrix that facilitates the provision of
services needed for urban life, is critical to any urban response opens up
the possibilities for looking elsewhere in the city at how climate change is
being addressed. Seen in this way, the plethora of seemingly one-off or ad

© Broto, V. C. and Bulkeley, H. (2013), Maintaining Climate Change Experiments: Urban Political
Ecology and the Everyday Reconfiguration of Urban Infrastructure. International Journal of Urban
and Regional Research, 37: 1934—1948. doi: 10.1111/1468-2427.12050. Creative Commons Attribu-
tion License.
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hoc interventions — including behaviour-changing policies, development
of new energy sources and new systems of water delivery, transport and
waste collection — are part of the growing urban response to the chal-
lenges of climate change.

Some such interventions, which we term ‘climate change experiments’
(Castan Broto and Bulkeley, 2013), are purposively designed to trial the
social and technical experience of responding to climate change, put new
materials, technologies and social actions to the test, or develop knowledge
within the city to respond to climate change. In the context of uncertainty,
urban climate change interventions become experiments, or projects in
the making, in the sense that they are used to explore uncharted policy
territories, to either learn or open up new forms of intervention, and of-
ten without consideration of their unintended consequences. Understand-
ing how such experiments take effect becomes a critical means to explain
urban responses to climate change, because ‘experiments serve to create
new forms of political space within the city, as public and private authority
blur, and are primarily enacted through forms of technical intervention in
infrastructure networks, drawing attention to the importance of such sites
in urban climate politics’ (Bulkeley and Castan Broto, 2013). Moreover,
as specific interventions in infrastructure networks, experiments challenge
current understandings of urban responses to climate change and, more
fundamentally, the conceptualization of the dynamics of such networks.

In this article, we interrogate one particular aspect of this process —
maintaining experiments — more closely. Maintenance emerges as a key
aspect of urban climate change experimentation, as a means to manage its
inherent uncertainty. To theorize experiment maintenance we adopt the
following strategy: in the first part of the article, we draw on literatures
from urban political ecology concerned with the processes of metabolic
circulation (Gandy, 2004; Kaika, 2005; Keil, 2005b; Heynen et al., 2006;
Swyngedouw, 2006; Monstadt, 2009) and from urban geography on the
process of ‘repair and maintenance’ (Thrift, 2005; Graham and Thrift,
2007; Strebel, 2011) to suggest that this is at once a strategic, political pro-
cess, and one shaped through the experiences and practices of everyday
urbanism. Conceptualizing maintenance in this dual fashion allows us to
examine the ways in which climate change experiments become embed-
ded within and serve to reconfigure forms of urban metabolism. In the
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second part of the article, we adopt a comparative approach as a critical
strategy for creative learning (Robinson, 2006; McFarlane, 2010) about
the materialization of climate change discourses in different urban set-
tings. Urban climate change experimentation involves the transposition of
best practice examples or models across cities (for examples, see Bulke-
ley, 2010). As ‘policies in motion’ (Ward, 2006), climate change experi-
ments adjust to and reconfigure the settings in which they are deployed, in
this case, two case studies in the housing sector in Bangalore (India) and
Monterrey (Mexico).

The theoretical framework is mobilized to understand how urban
climate change experiments are maintained or otherwise within the in-
frastructure fabric of the city. We find that this is not achieved through
rendering infrastructures as ‘invisible’, as much of the writing on urban
infrastructure suggests (e.g. Star, 1999), but rather requires an explicit
and ongoing work of maintenance to integrate and assert the experiment
within particular urban contexts. These processes we describe as ‘meta-
bolic adjustment’, involving the connection and disconnection of urban
flows, and ‘upkeep’, consisting of multiple urban practices leading to new
infrastructure configurations. They constitute a key aspect through which
the innovative character of experiments is sustained and reworked, while
also ensuring that they become accepted. We argue that such processes are
critical to understand the effect of experiments within the context of urban
development in which they emerge.

6.2 URBAN INFRASTRUCTURES AND
THE MAINTENANCE OF URBAN LIFE

Scholarship in urban political ecology has drawn attention to the ways
in which the conditions of urban life are structurally produced and main-
tained through the continual circulation of capital, resources and nature
(e.g. Swyngedouw and Heynen, 2003; Keil, 2005a; Heynen et al., 2006;
Monstadt, 2009; Cooke and Lewis, 2010). Flows of ‘metabolic circulation’
are central to the realization of the urban condition because they enable
the exploitation of natural resources and, in turn, produce the ‘enabling
and disabling social and environmental conditions’ of the city (Monstadt,
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2009: 10; see also Heynen et al., 2006; Swyngedouw, 2006). Urban po-
litical ecology analyses demonstrate that the transformation of ecological
systems into the city is vital because ‘urban politics has fundamentally to
be about modes of transformation of nature related dialectically to modes
of self-realization of a particular form of human nature’ (Harvey, 1996:
435). This transformation is orchestrated through policies and interven-
tions that require the ordering of urban natures, to separate ‘good’ and
‘bad’ natures according to socially constructed understandings of what the
city ought to be (Desfor and Keil, 2004; Kaika, 2005).

Infrastructure networks are seen as central to these processes of trans-
formation, as the ‘functional lattice’ through which material flows and
flows of power are mediated (Gandy, 2004). Infrastructure, as a socio-
technical configuration, is produced by these circulations and the means
through which urban metabolism takes place. Circulation is inherent to the
processes whereby wider circuits of capital and politics structure urban
metabolisms and confer stability to the city. Through these processes of
circulation and flow the apparent permanence and fixity of urban forms
and governance is conferred (Harvey, 1996) and networks are rendered
invisible (Star, 1999). This obduracy can be understood as caused by the
embeddedness of different elements in closely interrelated assemblages of
socially constructed and technically produced elements (Hommels, 2005,
2008). At the same time, these processes are dynamic, emergent and un-
ruly, involving both the continual reproduction of urban conditions and an
inherent unpredictability. Maintaining urban infrastructure can be seen in
this view as a broadly structural process of achieving or containing par-
ticular forms of metabolic circulation orchestrated by forms of connec-
tion, disconnection and fragmentation. Through this process infrastructure
networks are simultaneously challenged and invested with obduracy to
ensure the dual production of nature and capital circulations within the
city. In this manner, maintenance becomes critical to the reproduction of
the material/infrastructure in everyday life, and to its continuing structur-
ing effects in the city.

As specific interventions in infrastructure networks, and in line with
the broad literature on urban political ecology, experiments require a re-
working of the flows of power, resources and materials through which in-
frastructure systems are sustained. Achieving this intervention, we argue,
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requires a process of ‘metabolic adjustment’ through which experiments
may be embedded within particular circulations and reconfigure the infra-
structural ‘lattice’ of the city. As a form of metabolic adjustment, mainte-
nance processes sustain and redirect metabolic flows and become a critical
means through which the reconfiguration of infrastructure networks takes
place. Maintaining experiments can therefore be regarded as a process in
which new rationales of nature and space production come to the fore.

However, maintenance is a structural process concerned with broad
circuits and systems. As Graham and Thrift (2007) argued, everyday prac-
tices in the city also play a critical role in the (often hidden) processes of
repair and maintenance, which constitute the ‘urban technological uncon-
scious which helps to keep cities as predictable objects in which things
turn up as they are meant to, regularly and predictably’ (Thrift, 2005: 136).
Graham and Thrift (2007: 4) position these processes as ‘reality's bridge’
between the ‘ready-to-hand’, taken-for-granted world of practical action
and the visible disruption to the everyday life of failed things. Here, main-
tenance is understood as the practical, microscale means through which
urban networks are kept in ‘good repair’, and in turn, through which par-
ticular sociotechnical configurations are sustained. This ‘carpet of ongo-
ing maintenance and repair’ present in every city is characterized by five
qualities: its reliance on the power of things; the pluricultural character
of things, whereby ‘they have come to play a role in the everyday life of
almost everyone’; the growing demand for maintenance and repair created
by the growing number of things and their complex material composition;
the imperative created by the growing reliance on infrastructure networks
for urban life to ensure decay and disruption is minimal; and increasing
difficulty to ‘define what the “thing” is that is being maintained and re-
paired’ between objects, social relations and ways of urban living (Graham
and Thrift 2007: 3-4).

This work specifically points to the range of mundane and intricate
practices involved in maintenance, from street cleaning to the relaying
of gas pipes. Everyday life is orchestrated through and around these ac-
tivities, so that ‘modern urban dwellers are surrounded by the hum of
continuous repair and maintenance’ (Thrift 2005: 136). In these read-
ings, repair and maintenance are positioned, on the one hand, as a means
through which the elemental decay of urban life is held at bay, constituting
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a critical part of urban (political) economy, and we would add, ecology;
and, on the other hand, such processes are also regarded as central to the
creation of new forms of urban life, as ‘a vital source of variation, im-
provisation and innovation’ (Graham and Thrift, 2007: 6). In this view,
experimentation emerges in the process of maintenance for: ‘when things
break down, new solutions may be invented ... there is some evidence to
suggest that this kind of piece-by-piece adaptation is a leading cause of in-
novation, acting as a continuous feedback loop of experimentation which,
through many small increments in practical knowledge, can produce large
changes. Seen in this light, “maintenance is learning”’ (Brand, 1994: 127,
quoted in Graham and Thrift, 2007: 5). Graham and Thrift demonstrate
the ways in which maintenance is critical not only in reproducing forms of
urban obduracy but also in facilitating urban transformations. Developing
this argument, we suggest, entails understanding that the maintenance of
change' is as significant as that of stasis or decay, and in itself creates a
powerful force of urban permanence/immanence.

Graham and Thrift's seminal work on repair and maintenance provides
a critical means through which to understand the mundane and practical
ways in which the upkeep of infrastructure networks serves to continu-
ally reproduce the urban landscape. Yet, we find that maintenance is not
limited to the upkeep of existing assemblages, but is central to the work of
experimentation itself. This is because maintenance is about sustaining the
existence of current sociotechnical relations or of keeping things in ‘good
repair’ (anticipating failure, disruption or decay), and it is a means through
which experiments are offered support and affirmation as they become
normalized within particular urban contexts. As a set of mundane prac-
tices, maintenance can therefore be regarded as a means through which ex-
periments are sustained and gain ‘momentum’ in the city. In other words,
‘maintenance is not only an event through which relational assemblages
of human and nonhumans are brought into view, but a course of action in
which [in this case] the high-rise [building] gains momentum’ as a ‘living’
entity (Strebel, 2011: 248). Furthermore, while Graham and Thrift focus
on the micropractices and everyday nature of maintenance, drawing on
the urban political ecology perspective above, we also suggest that this
process is central to the reproduction of power and discourses that enable
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certain forms of metabolic circulation to become viewed as normal and
embedded within the city.

Reading across these literatures from urban political ecology and urban
geography, maintenance emerges as a set of processes that are, on the one
hand, concerned with the strategic and structural dynamics of sustaining
and reworking particular forms of metabolic circulation and, on the other,
undertaken through a range of mundane and everyday practices (Table 1).
As disruptive interventions within the ‘infrastructural lattice’ of particu-
lar urban contexts, we suggested that climate change experiments give
rise to maintenance practices that reveal their critical role in the dynamic
transformation of urban landscapes in response, in this case, to the climate
change problematic. We identify here the potential for ‘metabolic adjust-
ment’, as the experimental intervention reconfigures network flows and
the micropractices involved in the “upkeep’ of experiments. Upkeep and
metabolic adjustment processes have a dual function in the sense that they
are simultaneously directed towards ensuring the permanence of the ex-
periment within the given infrastructure context, and asserting its potential
for provoking change. Thus, as demonstrated below, we find that mainte-
nance is required to sustain the novelty of experiments and to normalize
them within particular urban contexts.

6.3 MAINTAINING CLIMATE CHANGE
EXPERIMENTS IN MEXICO AND INDIA

Climate change experiments, as explicit interventions in urban infrastruc-
ture systems that seek to reconfigure sociotechnical relations around cli-
mate change, provide a critical and intriguing site through which to fur-
ther explore how forms of maintenance contribute to the reproduction and
reconfiguration of urban landscapes. We selected, from a database of 627
urban climate change experiments, two cases on housing that were recog-
nized as having a systemic impact in the city in which they occur.

The first case study is a gated development of 91 eco-homes for high-
income professionals in the urban periphery of Bangalore (India) called
Towards Zero-Carbon Development (T-Zed), led by a private developer
called Biodiversity Conservation India Ltd (BCIL). The second case
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Table 1. Representation of maintenance as a dual process of metabolic adjustment
and upkeep.

Dual function
Permanence Change
Form of Metabolic Embedding the experiment Resignifying the experiment
maintenance adjustment within the existing urban as a symbol of structural
metabolic circulations reconfigurations
Upkeep Normalizing the experiment in | Asserting the experiment as a
everyday practices process in the making

study is a social-housing development of 51 houses in Monterrey (Mex-
ico) called Vivienda de Disefio Ambiental (ViDA), led by the state-based
housing institute (Instituto de la Vivienda de Nuevo Leon) and supported
by the National Housing Commission (CONAVI) with the collabora-
tion of Infonavit, a federal institute that provides mortgages for workers'
housing. Fieldwork was carried out during 3 weeks in Bangalore (March
2010) and Monterrey (April-May 2010). The fieldwork consisted of
visits to the sites and interviews with key actors who had intervened
in the development directly or indirectly. There were 47 interviews in
Bangalore and 31 in Monterrey. In Bangalore interviewees included
key actors in T-Zed (14 interviews, 1 informal), residents (6 interviews)
and other actors influencing local climate change governance, including
NGOs, public sector officials and academics (33 interviews, 5 informal).
In Monterrey interviewees included key actors in ViDA (11 interviews,
4 informal), residents (7 interviews, 3 informal) and other actors influ-
encing local climate change governance, including NGOs, public sector
officials and academics (13 interviews, 1 informal). Formal interviews
were conducted in a formal setting, with an interview guide, and they
were taped, transcribed and coded using a predetermined coding guide.
In some cases (indicated above) only informal meetings were possible
due to time or personal constraints. The analysis also examined a range
of written sources including promotional materials, government press
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releases, newspaper articles, discussion articles in architectural blogs
and forums and academic presentations. Table 2 summarizes some of the
main characteristics of each development. In both cases, the housing
developments challenge established sociotechnical arrangements within
the housing system in an effort to address climate change.

Whereas, broadly, T-Zed and ViDA attempted to develop low-carbon
models of urban development in their cities, their objectives could not be
more different. T-Zed focuses on creating alternative markets for green de-
velopments while ViDA attempts the seamless integration of low-carbon
development principles in an existing and well developed social housing
industry. Their comparison sheds some light on the mutual relationship be-
tween experimentation and urban maintenance. In line with the theoretical
discussion above, and following the analysis summarized in Table 1, we
identify maintenance as consisting of two related components. First, we fo-
cus on the ways in which the experimental quality of these infrastructural
interventions requires forms of everyday upkeep. Second, we articulate
how maintenance as ‘metabolic adjustment’ takes place to redirect urban
circulations around and through the experiment as an exceptional space,
and to embed them in the specific sociotechnical arrangements of the city
and neighbourhood. We argue that this form of maintenance involves the
need to preserve the innovative character of the experiment and a process
of normalizing the experiment so that it can be integrated within existing
urban practices. This may require reframing the experiment to adapt to the
specific discursive mechanisms seeking its reproduction at other scales.
Through each form of maintenance, we find that there is a tension between
the need for standardization of the experiment or experiment components,
and the need to re-experiment the intervention to highlight its exceptional-
ity and further its momentum.

6.4 THE EVERYDAY UPKEEP OF EXPERIMENTS:
NOVELTY AND NORMALIZATION

Upkeep is a form of maintenance, which occurs in everyday practices.
How upkeep occurs is tied to the design of the experiment and to the
constellation of actors intervening and the urban infrastructure regime in
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Table 2. Main characteristics of experiments.

Name of experiment T-Zed ViDA
Experiment led by Biodiversity Conservation Instituto de la Vivienda de Nuevo
India Ltd (BCIL) Leon
Lead organization Private Public
Assembling resources Commoditization/product Public provision of social housing
making
Infrastructure provision Developer Developer
Completion date 2007 2008
Main innovations Carrying capacity design, Design adapted to climate:
traditional construction orientation, ventilation, energy-
techniques, biodigester, com- efficient appliances
munity living

which it is deployed. In T-Zed, BCIL see themselves as ‘helping people to
get some sense in the decisions they make’ (interview T-Zed D3?), that is,
to help high-income middle-class professionals to combine green aspira-
tions (global and local) with housing aspirations (big houses with modern
commodities and secure supply of energy, water and waste). In ViDA, the
project was made possible by promoters from the Instituto de la Vivienda
de Nuevo Leon and CONAVI who kept in mind not the interests of future
residents (who were thought to benefit indirectly from the project) but
those of developers, who should be able to implement eco-technologies
without increasing their costs.

Regarding urban infrastructure regimes, the landscape of Bangalore
is one of fragmentation where multiple services for service provision co-
exist. In terms of water, waste and energy, the city is provided through
various governance arrangements which combine public provision in net-
worked areas (mostly old quarters of the city) and private arrangements
for high-income classes in new developments and for the poorest sectors
of society which live in new layouts outside the main networks or in infor-
mal settlements (e.g. Ghosh, 2005; Ranganathan et al., 2009). Differences
in governance arrangements of service provision have led to a spatial
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fragmentation of services — a splintering — whereby upcoming areas
are able to securitize privately the provision of water and other services in
gated communities (see Graham and Marvin, 2001). In Monterrey, permits
for development are given under the condition that developers lay down
the corresponding infrastructure according to municipal regulations (al-
though regulations vary in each municipal term, leading to coordination
problems). Municipal authorities take up responsibility for service provi-
sion after the development is complete, but they cannot always meet these
because of challenges related to rapid growth and resource availability,
particularly in terms of water provision and availability of land for con-
struction with continuous struggles over the development pressures on the
natural resources of the city.

The result is two differentiated forms of maintenance as upkeep. In
T-Zed, we find a privatized form of maintenance, customer oriented,
whereby BCIL is in charge of the everyday management of the site. Ac-
cording to the onsite manager, this is because the site requires ‘special care
that only BCIL can provide’ (interview T-Zed D1). However, maintenance
is also regarded as a failure to deliver the experiment in time: ‘Construc-
tion was still going on two months back’ (interview T-Zed R2), explained
one resident in March 2010, having lived for 3 years on the compound. For
some, this signifies a prioritization of environmental protection aspirations
over delivery: ‘because things are not finished ... there are like levels and
there are rough edges where you can hurt yourself ... it seemed to me:
“okay, you are trying to do all the environmental stuff but you are not
really taking care of the people who are here””’ (interview T-Zed R4). Up-
keep practices, here, are directed towards re-experimentation rather than
normalization.

In ViDA, in contrast, the project was constructed and delivered in time.
In the context of security of demand from workers guaranteed by Infona-
vit, developers are able to design highly standardized house types in which
the use of materials is typified to minimize the costs of integration and
transformation of materials available from suppliers. Thus, the architects
from the Instituto de la Vivienda developed a design, which integrated
bioclimatic construction principles while minimizing deviations from
existing types. A representative of the Instituto de la Vivienda explained
that they ‘took a typical house prototype, broke that into pieces and put
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it together so that it had some [green] features’ (interview ViDA P1). The
architect responsible for the project explained that the pressure came from
developers who told them ‘not to move anything ... so we looked at the
window, for example, not to change it but just to consider its orientation
... because when you make a project you need to understand the devel-
opers’ (interview ViDA C1). Bioclimatic modifications had an additional
cost, which was covered by the Instituto de la Vivienda providing land at
a reduced price to facilitate the developers' financing. Overall, the houses
were built according to plan, without challenging any standard procedures
within the housing industry.

On completion, ViDA's houses were delivered to residents who would
have to take care of the maintenance of each independent unit. With respect
to the houses, residents explained that, beyond a few months' guarantee,
the developer breaks any relationship with the development on comple-
tion. This is a common feature of housing developments under Infonavit.
‘At this moment, we are not able to follow-up developments once they are
completed’, lamented an Infonavit representative (interview ViDA P3).
As in other developments, a representative of the municipal department
for public services explained that ‘developers provide the pavement, street
furniture, street lighting and other infrastructures [costs are included in
the price of the house] and we confirm that they meet our specifications
before taking the responsibility for the maintenance of services’ (interview
ViDA P2). However, as a representative of the local community explains,
the community receives only limited support and it needs to take charge to
ensure provision actually occurs. For example, a resident explained that in
their relation with municipal services personnel ‘the community needs to
mark them the way and you have to be asking them continually whether
they come or not’ (interview ViDA R2). Ultimately, the maintenance of
the development (not only of individual houses but also of common spaces
such as the pavements and the park) is left in the hands of residents.

These cases demonstrate two fundamentally different models of up-
keep. The T-Zed model relates to the involvement of the developer and the
splintering urban configuration, which promotes private and customer-led
patterns of service provision met collectively by the developer. In contrast,
in ViDA, upkeep needs are determined by the developers' demands within
the well-established conglomerate of the construction industry, finance
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and government, which effectively assumes maintenance to be outsourced
to the municipality and the residents. Whether maintenance is regarded
as a continuation of the experiment-making process (such as in T-Zed) or
as a finished product (such as in ViDA) determines the upkeep protocols,
regardless of residents' concerns (which in both cases complained about
certain standard and operations, as explained below).

These different modes of governance also create material differences
in the life of the experiment, in terms of individual dwellings, common
spaces and the development as a whole. T-Zed, despite the signs of ongo-
ing construction work (the rubble on one of the sides of the entrance; the
sounds of construction work going on in some of the flats which had to
be refitted; the barren piece of land which cannot be landscaped because
its ownership is disputed), is perceived as a coherent whole. The house
units in T-Zed are connected by gangways and gardens. Common units (a
restaurant, pool, paddle, gardens and activity rooms) are extensions of col-
lective spaces shared between houses, rather than additions. In ViDA, in
contrast, there is no apparent connectivity between the houses. Residents
explained that they felt they cannot use the collective areas freely (in-
cluding front gardens, pavements and playground areas) because of safety
fears. They also said that, apart from isolated efforts from some groups of
residents, nobody maintains these common areas.

ViDA architects highlighted that, as an experimental project, some fea-
tures of the project did not work as they expected. However, residents do
not express concerns about the maintenance of individual households (al-
though they may have adapted different elements to suit their needs). They
compare their houses with similar alternatives, pointing at differences in
terms of size and location. The ‘bioclimatic’ character of the houses is
somehow eroded. Even the community elected representative (the ‘juez’),
when prompted, said that if the house was bioclimatic ‘that must have
been because of the solar panel used to light the three bulbs outside’ (inter-
view ViDA R3), a feature which was incorporated only later in the design.
Orientation, ventilation and other features of the house concern residents
when they feel their negative consequences (for example, when strong
winds cause dusting within the houses). Attempts to re-experiment the
development, through a survey in 2010 about how residents were using
the houses and parallel education campaigns, appear to have a minimal



114 Sustainable Cities: Urban Planning Challenges and Policy

impact on the material operation of the housing development and on local
residents' views.

T-Zed residents also compare the standards in their houses with those
of developments for similar income bands. From this comparison, resi-
dents infer that the incorporation of multiple design and technological in-
novations have resulted in unexpected additional maintenance issues. Roof
gardens leaked, unconventional construction materials did not provide the
services expected, natural stones for tailing deteriorated faster than pre-
dicted: the whole development is a life project, still in the making. A BCIL
customer-service worker explains some of these problems: ‘initially we
had dampness ... in the walls ... the customers had painted them in their
own way and then we found bubbles in the paint, because the paint was not
absorbed properly; then plumbing, then power problems, but [these are]
normal maintenance issues, there is not anything specific for T-Zed’ (inter-
view T-Zed D6). What for BCIL are ‘normal maintenance issues’ for some
residents is a cause for dissatisfaction and concern. As Graham and Thrift
(2007: 4) argue ‘accidents that stem from so many breakdowns are not ab-
errant but are a part of the thing itself’. Experimentation is inherently more
prone to decay. Both in ViDA and T-Zed, maintenance is closely related to
the power of things. However, while in ViDA, maintenance becomes em-
bedded in residents' everyday practices of material production, in T-Zed
normalization is led by the developer and maintenance becomes a process
of expectations management.

The result is that BCIL's presence in T-Zed is needed to respond to the
continuous demands of residents. In some cases, this has led to a renegoti-
ation of the original terms, including refitting and alternative solutions for
unsatisfactory technologies. In other cases, it has prompted a relaxation
of BCIL's demands on residents about what appliances are allowed in the
compound. For example, BCIL envisaged that, to reduce the consumption
of energy, flats and houses would be provided with customized appliances
for air conditioning and refrigeration. The fridges now pile in BCIL of-
fices, as residents rejected the models (some found them too small and
others simply could not get them to work) and there are ongoing discus-
sions about whether the fridges were ever operative. After some disputes,
residents are now ‘free’ to buy their own cooling appliances. Refrigeration
was described by a consultant as one of T-Zed's major failures, and the
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system has been abandoned in new BCIL projects. Overall, BCIL con-
fronts in T-Zed a proliferation of things being maintained and imperative
demands for BCIL to provide immediate responses to each crisis. Even
aesthetic issues provoke questions regarding the residents' lifestyles and
exhibit, as Graham and Thrift (2007) highlight, ‘an existential quality’.

These two contrasting models of upkeep, in relation to the actors in-
volved in the experiment, reveal some of the fundamental features of
maintenance. In both cases, the experiment has a life beyond assemblage,
so that its elements need to be adjusted to deal with multiple changing
relations through scrubbing, adapting, cleaning and reinventing as mainte-
nance demands proliferate. This process will determine the eventual reas-
sertion of the experimental character of the initiative. The proactive role
of BCIL in T-Zed confers purpose to the experiment and reasserts innova-
tions at the expense of compromising its normalization: continuous re-
experimentation becomes a source of anxiety among residents. In ViDA,
the lack of purposive maintenance gives way to conventional forms of
repair and as a result becomes integrated in the landscape so that its poten-
tial ebbs away, despite architects' attempts at re-experimentation through
surveys and education campaigns.

6.5 METABOLIC ADJUSTMENT: EMBEDDING AND REFRAMING
EXPERIMENTS WITHIN URBAN FLOWS

Metabolic adjustment refers to a series of discursive and spatial processes
that are needed to adjust the experiment to the conditions of urban de-
velopment in which it emerges, while resignifying the experiment as a
symbol of the intended structural configurations. Again, we find this is a
dual process, which attempts to gain stability and assert the exceptionality
of the experiment within the specific conditions in which it emerges. The
comparative analysis of the cases of T-Zed and ViDA suggests that per-
manence and change are embedded in the experiment design but require
maintenance in terms of asserting such designs through time and space.
The key aspect common to both experiments is their emphasis on resource
securitization (securing water resources, energy but also land and space),
a feature that shapes how they unfold over time.
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The most fundamental difference between T-Zed and ViDA is that they
are targeted at different consumer groups: T-Zed is a gated compound for
high-income professionals while ViDA is a social housing project for sala-
ried workers. Each one represents the dominant trend in their respective
cities. Following the unprecedented growth during the last two decades
in Bangalore, new developments have been constructed to host big com-
plexes of offices and residences for a rapidly growing class of middle and
high-income professionals. In Monterrey, urban sprawl has occurred in a
polycentric manner, with massive social housing developments organized
in ‘villages’ and often centred on a particular industry, as is the case of the
municipal term of Escobedo, in the conurbated area of Monterrey, where
ViDA is located. What is common in both cases is that low-carbon experi-
mentation in housing fails to challenge the accelerated process of urban
sprawl. While T-Zed is oriented towards selling a suburban dream house
to those who can afford it, ViDA is an example of how social housing con-
tributes to the process of urban expansion in Mexican cities.

Moreover, neither example challenges fundamentally the housing in-
dustry or its drivers. In Bangalore, the construction industry is lured by the
demands for space and comfort of the professional classes. Being mobile
and cosmopolitan, this new class of customers demands a standard of ser-
vice — from air conditioning to swimming pools — which is alien to the
traditional city (Nair, 2000). While T-Zed designers advocate the use of
local materials and sustainable technologies, they conform to imported
models of suburban development. T-Zed is not different from nearby de-
velopments in that it seeks to enrol high-income customers with a pre-
mium product — characterized for being ‘green’ — in a gated community
alongside one of the industry corridors in the outskirts of Bangalore. In
Monterrey, like in the whole of Mexico, most social housing is financed by
Infonavit, a public—private financial institution that has given more than 5
million mortgages to salaried workers since its creation in 1972. Infonavit
is associated with a strong industry of housing development described by
a local architect in an interview as ‘a goose that lays homes’ (interview
ViDA, C1). This industry (consisting of a multitude of big and small pri-
vate developers) has developed house types to make house units as cheap
as possible, so that they can meet the requirements of social housing mort-
gages at Infonavit. The result is the perpetuation of repetitive models of
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construction in cheap land and an aversion to innovation, which has led to
the exponential rise of urban sprawl in most Mexican cities. The integra-
tion of both experiments in the dynamics of urban development —in terms
of form and design — exemplifies the permanence function of mainte-
nance already embedded in the experiment's design.

However, this is not a smooth process, precisely because, as highlighted
in the urban political ecology literature, the integration of the experiment
with its surrounding environment depends on the infrastructure connec-
tions with the rest of the city. In T-Zed, the idea of a self-sufficient home,
advanced here under a carbon reduction flag, contributes, on one hand, to
create a luxury development in the context of lack of infrastructure for that
type of service provision and, on the other, to securitize resources in the
light of a future resource crisis that is affecting the whole city, particularly
regarding water and energy. Self-sufficiency is also regarded as a benefit
to the whole city: ‘we are saving the cost of the entire society by lower-
ing the load of what we are taking in electricity from the grid and by not
connecting to the municipal sources’ (interview T-Zed D2). This discourse
emphasizes the type of private service provision characteristic of this kind
of developments. Ultimately, private provision is here a strategy for re-
source securitization (Hodson and Marvin, 2009), which eventually leads
to the splintering of infrastructures, such as in this case, water (Graham
and Marvin, 2001).

In contrast, the relationship of ViDA with its surrounding environ-
ment is mediated by the residents' reactions to the context of violence in
Monterrey. Fragmentation here happens from household to household as
individual families try to securitize their home. Ideas of sustainability and
green communities vanish in the face of rampant social violence (which
has increased dramatically in Monterrey during the last decade associated
with the growing interest of the drug cartels in the Monterrey ‘plaza’).
Violence encroaches in the daily life of residents: ‘there is a lot of gang
violence ... you can see it here, in this development ... not inside, inside
there is not a lot but around ... but I am here in the limiting area and I can
see ... they fight, they break the house ... so we built a bit in the entrance,
like a defense’ (interview ViDA R4). Residents feel safe regarding the
neighbours in the development, but still feel pressure to securitize their
individual houses. This is done by building fences and annexes around the
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house, which protect the main living areas. Rather than using the collective
playground, children play in front gardens now fenced up for each individ-
ual house. Also, as houses have become integrated in the neighbourhood
lives and economies, they have been modified to provide security enclo-
sures and by adding self-assembled structures to enable household-based
commercial activities which are common in this type of settlement. The
original designs — suited to the specific climatic conditions of the settle-
ment — have also been modified by the integration of the development in
the economic landscape.

Resource and land securitization, however, occurs only through a set
of reconnections. In Bangalore, BCIL claims that T-Zed is a pioneering
development which does not depend on municipal water supply thanks to
an innovative design focused on rainwater harvesting. However, an un-
planned long drought resulted in the system not being able to recharge
itself as planned. Thus, BCIL built two bore wells in T-Zed at high depth,
in the manner that privileged classes are already doing in other parts of the
city. This allows the development to remain independent from the munici-
pal piped supply but encroaches on collective groundwater resources. The
original concept of maintaining the compound exclusively with rainwater
harvesting had to be rethought: ‘We have local water ... we had to go and
dig a few wells and withdraw the water, okay, that's a need out there. But
water, water falls on to this piece of land ... We make sure water that is
harvested back out there’ (interview T-Zed D1). Water harvesting is still
done to complement the main supply, but the supply of water relies heav-
ily on the existence of bore wells extracting from the collective water table
in Bangalore (to which poorer sectors of society have no access). More-
over, this creates further tensions with people living in the surrounding
areas. One T-Zed resident explained that:

every morning there is a long line outside the gate, of people who
want to ... collect water, take water from T-Zed for drinking! ...
they don't have any drinking water! ... And ... the Association
[of residents] doesn't approve of it! ... because they don't know
how many ... once you start, you really can't stop! But, I think the
security allows a lot of people in because either they pay [or] they
empathise with them (interview T-Zed R4).
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Residents have anxieties about what they perceive as an illegitimate use
of the water resources they have securitized. However, the fundamental is-
sue about T-Zed appropriating collective water resources and restricting
access to other citizens is not discussed. T-Zed is embedded within wider
discourses of appropriation of resources by the higher classes, which point
to BCIL's ambiguous role in promoting sustainable and equitable develop-
ment within Bangalore.

In ViDA, securitization practices have generated unease among the ar-
chitects who designed the project because they see them as a violation of
the design principles that inspired the project. New built areas disturb the
visual appearance of the development, towards more fragmentation, and,
they argue, obstruct schemes of natural ventilation and orientation that are
supposed to help the house ‘breathe’. This is a reflection of the different
priorities of architects and residents. For example, in describing the venti-
lation windows, a resident said, with irony in his tone, that ‘those windows
are, most of all, to make dust because there is a lot of wind in this area’
(interview ViDA R1). While upkeep practices have helped local residents
to normalize the housing development within their set of expectations,
they challenge the aspirations of those who see themselves as experiment
makers and thus contest the need to showcase the experiment as a means
to catalyze urban transitions towards low-carbon communities.

Finally, maintenance, as a resignification of the experiment, is a pro-
cess that connects experiments into wider circulations of political econ-
omy and ecology. In Bangalore, T-Zed has served as a model to justify the
adaptation of existing models of development to the moral requirements
of the environmentally conscious high classes. The model is successful
because it has been replicated by its promoters (BCIL) and because it has
helped in the development of a low-carbon industry of consultants, sup-
pliers and designers, which is behind the current policy and commercial
push towards solar water collectors and rainwater harvesting in Bangalore.

The case of ViDA is particularly salient in this respect and deserves
closer examination. While a field visit to ViDA suggests that the proj-
ect has been almost forgotten on the ground, the project has become a
central part of the national climate change discourse of Mexico, together
with a handful of flagship social-housing projects. Policymakers have
represented ViDA as a ‘best practice’ example for Infonavit's nationwide
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program ‘Hipoteca Verde’ (Green Mortgage). The Green Mortgage was
a top-down response to the demand from Mexican leaders to do some-
thing to be shown for Mexico's international commitments to low-carbon
policies. It is a provision for an additional amount to supplement existing
mortgage packages in Infonavit dedicated to the incorporation of specific
‘eco-technologies’ (energy- and water-efficient appliances and ceiling
insulation) sanctioned by official organisms and guidelines in standard
social-housing templates. In 2011, 60% of Infonavit 480,000 mortgages
(with an investment of 44,800 million Mexican pesos) will have a Green
Mortgage. Since 2007, when the program started, Infonavit has given
380,000 Green Mortgages and they expect to make the program manda-
tory within the next few years.

Originally ViDA was conceived as an experimental project financed
with conventional Infonavit mortgages and additional support from CO-
NAVI and the Instituto de la Vivienda (to support low-carbon innovation
in the design without disturbing existing templates). Infonavit launched
the Green Mortgage as ViDA was underway and ViDA promoters saw this
new policy as an opportunity to promote their design while incorporat-
ing energy- and water-efficient appliances, including low-energy bulbs, a
small solar panel for the street lights and water-saving appliances for taps
and showers. The appliance requirements of the Green Mortgage were
then incorporated into the original design, and prospective owners were
offered the Green Mortgage deal. ViDA was, in 2007, one of the first de-
velopments in Mexico to obtain a Green Mortgage but, in the overall life
of the project, this was a last minute add on, on top of the bioclimatic
design that inspired the project. Thanks to a series of expert evaluations
and a prize (from the international cement corporation CEMEX), the proj-
ect VIDA provided an example of how to incorporate low-carbon features
without fundamentally changing the work patterns of developers or the
relationships between residents, Infonavit and the developers. Moreover,
the project VIDA demonstrated how additional capital could be redirected
towards the creation of what were described as more sustainable forms
of development. Now, ViDA's concerns of adapting developments to the
local climate and economic conditions and its focus on how technologies
benefit residents has been changed into ‘a checklist of minimum techno-
logical requirements’, as described by a local provider of energy-saving
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appliances (interview ViDA C4), that the house has to meet to qualify for
the increase in the costs allowed by the Green Mortgage.

In that sense, the development has been appropriated at the national
level as an example of how ‘green building’ can be adapted to the existing
construction industry (rather than how the construction industry can be
adapted to meet new low-carbon global demands). ViDA, together with
other projects which also started relatively anonymously and have now
become exemplars of green building in Mexico, has also generated new
thinking about the potential for poor people to take responsibility for their
— yet to occur — carbon emissions in an attempt to bring carbon control
mechanisms beyond the realm of middle-class concerns. While in Banga-
lore T-Zed provided a space to experiment which has allowed the horizon-
tal transmission of knowledge among consultants and service providers,
sparkling similar projects at the same scale, in Monterrey, a relatively
small and obscure example is at the centre of the reconfiguration of hous-
ing and infrastructure systems nationally, although the extent to which this
is sustainable has to be discussed in the light of social and environmental
impacts which the new houses have beyond their locale. Maintaining here
has been directed towards reproducing the experimental character of the
initiative and creating changes within existing urban regimes.

6.6 CONCLUSIONS

The case studies suggest that attempts to ‘maintain’ climate change experi-
ments are central to their development through time. Following the analy-
sis, maintaining can be understood as emerging from two interrelated pro-
cesses. First, there is an ongoing process of repair management associated
with the making of innovations and uncertain sociotechnical relationships
which we have called upkeep. Second, there is a process of careful adjust-
ment to existing urban conditions, physical (in terms of adapting to the
specific elements of infrastructure and resources) and semiotic (in terms
of developing suitable narratives of change and performance associated
with the experiment), which we have called metabolic adjustment. Both
processes contain an element of renegotiation of the mechanisms of space
and nature production, in turn reconfiguring the realms of responsibility
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and authority in everyday maintenance, which determine the significance
of the experiment for city- and nationwide low-carbon transitions.

The practice of repair is related to the ongoing work required to main-
tain the experiment ‘as an experiment’, in terms of sustaining its novel
qualities (for example, repairing the different technological innovations in
T-Zed) and in terms of normalizing it to ensure that it is an accepted way
of life (whether it is redefining some components of the experiment, as in
T-Zed, or assimilating them to everyday practices, as in ViDA). Mainte-
nance is therefore needed to balance the novel and the normal within the
experiment. While the discursive production of standards and expectations
may accelerate this process, the pluricultural character of maintenance and
its reliance on the power of things (Graham and Thrift, 2007) means that
this is a difficult process that requires taming innovation and renegotiating
original ideas, technologies, ecologies and relations in practice within the
fabric of the city (cf. Kaika, 2005).

In terms of the process of adjustment, the experiment also requires a
series of alternative disconnections, connections and reconfigurations to
adjust it to the broader context within which it occurs and to establish its
distinctiveness in that setting, whether it is dealing with water scarcity
in T-Zed or managing contexts of violence and transforming policy dis-
courses in ViDA. T-Zed and ViDA required specific processes to establish
their long-term impact, in the case of T-Zed requiring the private devel-
oper to take an unorthodox role and in the case of ViDA hindered by the
lack of mechanisms of engagement with local residents. Moreover, both
cases signal a process of adjustment to specific neighbourhood conditions
in terms of dealing with specific disputes and accommodating the needs of
residents in T-Zed, or in terms of changing the designs to adapt to condi-
tions of structural violence in ViDA. Finally, in both cases we observe a
renegotiation of arrangements for the production of space and nature. In
the case of T-Zed, notions of self-sufficiency are challenged by the recon-
nections with water resources and with neighbour residents (whether they
are in other gated communities or in poor and informal settlements). In the
case of ViDA, the role and history of the project have been renegotiated
to adapt to the national demands of policymaking in sustainable building.
Gaining visibility for infrastructure interventions is a key aspect of experi-
ments. As with the process of normalization, in both cases, maintenance
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processes purposively seek to distance and distinguish the experiment as
novel and to embed it within the existing sociotechnical frame. This bal-
ance between distance and embedding seems to be critical to the ‘purchase’
that the experiment gains in citywide networks of urban metabolism. In
this way, the findings highlight the important role of infrastructure-based
interventions in creating new reconfigurations of urban infrastructure and
the maintenance of urban infrastructure regimes (Monstadt, 2009).

While the discourse of securitization is important in both examples,
the social dynamics that shape them are very different. T-Zed exempli-
fies the attempts of elites to achieve urban ecological security (Hodson
and Marvin, 2009), while ViDA demonstrates the importance of securing
spaces for low-income groups in the context of structural violence. While
in T-Zed security maintenance practices are key to ensure the continuity
of the experiment and of the capacity of elites to influence the processes
of urban reproduction, in ViDA security maintenance practices are di-
rected towards coping with structural violence conditions. Because of the
increased complexity and immediacy of maintenance practices (Graham
and Thrift, 2007), who benefits from these practices will depend strongly
on the context in which they are applied.

The experiments we have discussed here are anything but revolution-
ary. They do not seek to reconfigure the fundamental relations which
structure society — their intention was never so. Nonetheless, we find that
they serve as potentially powerful means to create new forms of governing
everyday life and city circulations, simultaneously reinforcing and rein-
venting the landscape of governance. Critically, in giving the experiment
its distinctive character and its ordinariness, maintenance is an essential
component of how experiments travel. We find that such processes mean
that the significance of the experiment does not end with its merging into
the local landscape, as it can still be transformed into a symbol or ex-
emplar with wider influence (whether among knowledge communities in
Bangalore or at the national level in Mexico).

In conclusion, we find that the emergence of climate change experi-
ments disrupts the sociotechnical system in such a manner that they require
a process of ‘maintaining’ in which relationships around the experiments
are redefined. They are embedded in the production of urban space and
the transformation of nature as described in the urban political ecology
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literature. However, the process of ‘maintaining’ experiments is a precari-
ous one which requires a continuous external input in terms of remaking
the experiment (materially and in terms of redefining the narratives which
maintain it); and may cause further reconfigurations beyond the experi-
ment in terms of formal and informal institutions and changes in the con-
figurations of responsibility and acceptability. However, this says nothing
about the potential spaces for resistance and alternative appropriation of
experiments, something which, we believe, is foregrounded in the pro-
cesses whereby the experiments are lived as an integral part of everyday
lives. How climate change experiments are made, maintained and lived is
a question to which we intend to pay attention in our ongoing analysis of
urban climate change experiments.

6.7 FOOTNOTES

1. In the context of climate change, urban change is understood as
a ‘transition’ to a low-carbon society, that is, as a fundamental
change in the way a service is delivered.

2. Throughout the article the interviews have been designated by
a letter (developers D; consultants and knowledge producers C;
residents R; public sector workers P; and NGOs N) and a number.
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Assessment of Soil Sealing
Management Responses, Strategies,
and Targets Toward Ecologically
Sustainable Urban Land Use
Management

MARTINA ARTMANN

7.1 INTRODUCTION

The ongoing urbanization is one of the main threats for sustaining eco-
systems’ capability to supply ecosystem services to humans (MA 2005).
Cities are characterized by a high degree of impervious surfaces and by
continuous built-up areas (e.g., Turok and Mykhnenko 2007). Hence, ur-
ban growth promotes the increase in land take and soil sealing. Land take
is understood as the conversion of open areas into built-up areas and can
also include non-sealed areas such as gardens. Soil sealing is defined as
the permanent covering of soil by completely or partly impermeable ar-
tificial material (Prokop et al. 2011). Sealing by urban gray infrastruc-
ture, which includes all forms of pavements and buildings (according to
Breuste 2011), has especially negative impacts on the potential provision
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Environment, 10.1007/s13280-014-0511-1. Creative Commons Attribution License.
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of ecosystem services. Soil sealing influences regulating services by in-
creasing water surface runoff (Haase and Nuissl 2007) and microclimate
regulation by increasing temperatures (Henry and Dicks 1987). It reduces
provisioning services such as food production since fertile agricultural
areas in particular get lost (Burghardt 2006). Furthermore, due to loss
and fragmentation of habitats for flora and fauna, soil sealing has nega-
tive impacts on supporting services and is threatening urban biodiversity
(Montanarella 2007). Moreover, the supply of cultural services is under
pressure, since recreational areas within urban core districts are threatened
by (re-)densifications (Niemeld et al. 2010).

Despite shrinking of the European population, a constant increase in
impervious surfaces within the European Union can be observed (Prokop
etal. 2011). The fact that there is a need to stop further soil sealing has al-
ready affected policies at the European and national level (EC 2012; EEA
2012). However, between 1990 and 2006 an increase of 8.8 % in artificial
surfaces could be observed and, in 2006, 2.3 % of the European terri-
tory was sealed (Prokop et al. 2011). In Germany, a target was formulated
which recommends the decrease of daily land take to 30 ha day—1 in 2020.
This target seems difficult to reach since in 2010 still 77 ha day—1 were
being taken for transport and settlement areas (Statistisches Bundesamt
2012). Neither a target on sealing reduction nor a standardized sealing
monitoring exists in Germany. However, estimates show that between 46
and 50 % of transport and settlement areas are sealed (Breitenfeld 2009).
Today, 5 % of the German territory is covered by impervious surfaces
(Prokop et al. 2011).

Since cities in particular are characterized by a high degree of im-
pervious surfaces, it is crucial to steer urban soil sealing in an eco-
logically sustainable way to secure urban ecosystems’ ability to sustain
ecosystem services for their residents. Therefore, this paper investi-
gates (1) which responses, strategies, and sub-targets can be regarded
as being efficient toward ecologically sustainable management of ur-
ban soil sealing and (2) who has competences and should take respon-
sibility to steer soil sealing? Germany was chosen as the study area as
this is one of the most sealed countries within the EU (Prokop et al.
2011). Table 1 provides definitions of the main terms used and their
relation to the research questions.
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7.1.1 SCALES OF INVESTIGATION AND STUDY AREA

The research integrates three scales, taking into account steering compe-
tences and addressees at the macro-, meso-, and microscale. At the mac-
roscale regions (Region of Western Saxony/Region of Munich), federal
states (Saxony/Bavaria) and the federal government (Germany) were con-
sidered. At the mesoscale, shrinking and growing cities with over 100 000
inhabitants in Germany were analyzed as it is assumed that the challenges
cities face are especially complex due to the larger scale. Fourty-seven per-
cent of European cities have a population of over 100 000 inhabitants (EC
2011). European cities are facing economic changes such as deindustrial-
ization (Turok and Mykhnenko 2007), which offer cities the opportunity
to re-use urban industrial wastelands to reduce further sealing. Moreover,
European cities are confronted with social individualization, which leads
to an increase in living space per capita. This hinders a reduction of land
take (Haase et al. 2013) and decreases urban green areas (Kabisch and
Haase 2013), which are essential for ecosystem service provision (Bol-
und and Hunhammar 1999). Growing and shrinking cities were differenti-
ated because they face various challenges in urban management. Two case
study cities were selected under specific selection criteria. Leipzig was
selected between 1998 and 2008 as the highest increase in settlement and
transport areas in Germany was recorded in the city despite the shrinkage
processes. Munich was chosen due to a high increase in recreational areas
between 1998 and 2008 and a high increase in population at the same time.

Leipzig is situated in Saxony, East Germany and has a population of
520 838 in 2012 (www.statistik.leipzig.de). Because of losing in economic
importance in the 1960s, Leipzig experienced a high population migra-
tion. Despite processes of shrinkage, suburbanization, and urban sprawl
could be observed, reaching their peak in the late 1990s (Haase and Nuissl
2010). Leipzig today is an example where both processes of shrinkage
in the urban periphery and re-urbanization, especially in the urban core
areas, can be found (Haase and Nuissl 2007). Previous studies on soil seal-
ing development between 1997 and 2003 showed that sealing efficiency
decreased during sealing at the urban fringes by commercial and indus-
trial sites and low density residential areas. In total, an increase in sealed
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surfaces of 2.84 % could be observed and in 2003, 27 % of the area was
sealed (Artmann 2013a).

With a population of 1.4 million (2011), Munich is the third largest
city in Germany. Munich is characterized by a high immigration pressure
as the population increased by over 200 000 residents between 1990 and
2010. Further population growth of 100 000 residents is projected by 2020.
Moreover, Munich can be characterized by an urban re-organization due
to the privatization of the German Railway System and the closing of bar-
racks that were used for new residential and recreational areas. Compared
to Leipzig, this supported a low increase of sealing, 0.4 % between 1998
and 2011 and in 2011, 36 % of the area was sealed. However, no further
wastelands are available now and new residential areas should be built by
further densification which threatens the loss of ecosystem services, espe-
cially in the urban core areas where green areas are already under pressure
due to their small sizes and low per capita supply (Artmann 2013a). At the
microscale, the civic society (NGOs and residents) and practitioners of
relevance for soil sealing management (investors and (landscape) archi-
tects) were considered.

7.2 MATERIALS AND METHODS

7.2.1 DEFINITION OF SET OF INSTRUMENTS
AND ITS STEERING COMPETENCES AND ADDRESSEES

To analyze the efficiency of soil sealing management strategies and sub-
targets toward an ecological urban sustainable development (research
question 1), sets of instruments considering a holistic soil sealing manage-
ment approach were first defined. Sets of instruments were defined since
German policy assumes that the 30-ha target can only be achieved by a
mix of instruments (Deutscher Bundestag 2004). A holistic soil sealing
management approach includes quantitative, qualitative, and compensa-
tory management of urban gray and urban green as well as the protec-
tion of soils as the basis of urban gray and green. These steering dimen-
sions are defined as sub-targets in this paper (Table 1) and were derived
from a spatial analysis of soil sealing development (Artmann 2013a). For
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Table 1. The 20 most populous MSAs in 2008 ranked by their deviation from the
scaling law.

Term Definition

Efficiency Criterion of assessment which describes to which degree a response is suit-
able to achieve an objective in a certain way. The definition of an ecologi-
cally efficient soil sealing management approach is provided in Table 2

Response Specific instrument which aims to steer soil sealing (e.g., a specific law
such as the building code). This paper assesses the efficiency of ecological
sustainable responses

Strategy Strategy is understood as the sum of responses addressing the same types
of steering. Within this study legal-planning, informal-planning, economic-
fiscal, co-operative and informational strategies are investigated. The
efficiency assessment of strategies is based on the assessment of responses
which are assigned to strategies (see Fig. 1)

Sub-targets Sub-targets define what has to be steered spatially in the course of a holistic
soil sealing management approach. These targets relate to steering urban
green (open land such as forests and agricultural land, recreational areas),
gray (built-up areas and artificial material) and soil (land and substrate).
Urban green and gray can be steered quantitatively (reduction of new seal-
ing and land take, protection of green areas), qualitatively (promotion of
internal development and space efficient building forms, protection of green
areas with high ecological performance). Moreover, existing sealed areas
can be compensated by de-sealing or greening roofs (see also Fig. 1). The
efficiency assessment of sub-targets is based on the assessment of responses
which are assigned to the sub-targets

Actors Actors of soil sealing management refer to administrative units and commu-
nities responsible for developing and implementing strategies in the course
of a holistic soil sealing management. The responses selected are assigned to
groups of actors of different management scales to prove who is responsible
for soil sealing management and to which degree (see Fig. 1)

assessing how these sub-targets can be achieved, strategies were identified
by reviewing planning documents and literature. For soil sealing, relevant
strategies include legal-planning (including laws and informal planning),
economic-fiscal (e.g., subsidies, taxes), co-operative (e.g., regional or sec-
toral co-operations), and informational strategies (e.g., spatial monitor-
ing, awareness raising, improving know-how) (Artmann 2013a). Specific
instruments (named as responses) of each strategy were selected and as-
signed to the sub-targets via criteria (see Fig. 1).
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The selection of responses was done by reviewing laws as well as
local-planning documents (zoning, landscape, sectoral, and informal
plans), scientific literature and projects (such as REFINA, Research for
the Reduction of Land Consumption and Sustainable Land Management),
local initiatives and by conducting expert interviews including experts
from the departments of planning, environmental reporting, environmen-
tal protection, urban redevelopment, and construction as well as NGOs,
real estate agents and research. The responses selected should have rel-
evance for steering soil sealing, land take and land use, urban green areas,
and soil as part of a holistic soil sealing management. The focus of this
paper is on responses in use. However, in further studies, theoretically
discussed responses will be included. In total, 93 responses in practice
and 24 theoretically discussed responses were identified and assigned to
the sub-targets, whereas a response can be assigned to more sub-targets
but only to one strategy. The number of responses selected per strategy
is shown in Fig. 1. To analyze the main management authorities and ad-
dressees (research question 2), the selected responses were assigned to the
macro- (state government, federal states, region), meso- (city level), and
microscale (civic society, practitioners) by identifying who has the power
to develop a response (authority) and who is responsible for implementing
it (addressees) (see Fig. 1) (Artmann 2013b).

7.2.2 INDICATORS TO ASSESS STRATEGIES TOWARD AN
ECOLOGICALLY SUSTAINABLE SOIL SEALING MANAGEMENT

The efficiency assessment of strategies and spatial sub-targets toward eco-
logically sustainable management was based on indicators. Indicators are
useful as they support policy and decision makers by providing compre-
hensible and quick information on consequences of steering actions on
the environment (Pulles and van Harmelen 2004). The indicators were
derived by developing hypotheses of an ecologically sustainable develop-
ment based on structured expert interviews in Leipzig and Munich, litera-
ture review and analyses of impacts by soil sealing on ecosystem services
provisioning (Artmann 2013c). The indicators should reflect impacts of
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sealing on the urban ecosystem and ecosystem service provisioning as
well as framework conditions for ecologically sustainable management.

7.2.2.1 INDICATORS ON IMPACTS BY SOIL
SEALING ON ECOSYSTEM SERVICE SUPPLY

Ecosystem service supply strongly depends on land use. Therefore, indi-
cators that assess the supply of ecosystem services should be sensitive to
land use change (Larondelle and Haase 2013). Following this, land use
policy steering urban soil sealing in an ecological sustainable manner
should be aware of impacts on ecosystem service provision by soil seal-
ing. This target becomes even more crucial as cities face global climate
hazards (Bulkeley 2013) which are intensified by soil sealing. Moreover,
according to experts in Leipzig and Munich, the increasing importance
of “soft” location factors, including sufficient supply of recreational ar-
eas, improve the consciousness of impacts by sealing (Artmann 2013c).
Recreational areas should offer characteristics such as “wilderness” or a
“rich variety of species” (Herzele and Wiedeman 2003) and can thus be
managed like urban forests. In contrast, urban parks are more managed
(Bolund and Hunhammar 1999) but also provide physical and psychologi-
cal well-being for urban dwellers (Chiesura 2004). Besides public green
spaces, private green areas such as gardens and allotments are crucial for
supporting urban biodiversity and for experiencing urban wildlife (God-
dard et al. 2010). Spatial analyses of impacts on soil sealing in Leipzig
between 1997 and 2003 showed that, in particular, soils of high quality
were used for transport and settlement areas as part of the suburbanization
processes (Artmann 2013a). The loss of valuable soils by sealing is crucial
as fertile soils affect vital processes and functions such as nutrient cycling
processes, seed dispersal, or pollination, which yield ecosystem services
(Boyd and Banzhaf 2007). According to an expert of the Saxon State Of-
fice for the Environment, Agriculture, and Geology and a scientific expert,
improved protection of agricultural areas could be promoted by stress-
ing the importance of agricultural land for nutrition. To secure ecosystem
services, the obligatory integration of ecological aspects and reduction of
further sealing into decision making is crucial (Artmann 2013c).
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7.2.2.2 INDICATORS ON FRAMEWORK CONDITIONS FOR A
SUSTAINABLE ECOLOGICAL DEVELOPMENT

Spatial analyses in Munich on drivers of urban soil sealing between 1998
and 2011 showed that the main drivers of sealing were transport areas,
which increased especially at the urban fringes (Artmann 2013a). In gen-
eral, urban sprawl increases the distances between working and living and
therefore the need for roads, which leads to an increase in the use of cars,
energy consumption, and traffic emissions (de Ridder et al. 2008). There-
fore, reducing private motorized traffic can support a reduction in sealing
and at a larger scale also in energy consumption and air pollution (Art-
mann 2013a). Soil sealing management should therefore also include a
spatial strategic overview and consider impacts by urban land use changes
on distant rural places, also termed urban land teleconnections (Seto et al.
2012). Besides the spatial scale, a temporal hypermetropia is vital as the
definition of sustainability in the Brundtland Report emphasizes achieving
present development in a way which ensures that future generations can
also meet their own needs.

7.2.3 THE ASSESSMENT PROCESS

The assessment of soil sealing management responses, strategies, and spa-
tial targets toward an ecologically sustainable urban sealing management
approach was based on a multi-attribute decision method (MADM) using
an analytical hierarchy process (AHP). The MADM allows a comparison
between several alternatives by using a set of indicators and therefore sup-
ports decision making (Zanakis et al. 1998). Within an AHP, one form
of MADM, alternatives are compared in pairs including decision makers’
preferences (Saaty and Vargas 2012). The assessment process included
three steps: (1) assessment of importance of indicators, (2) content analy-
sis of responses, and (3) evaluation of analyses results. More information
on the method developed for Response-Efficiency-Assessment (REA) can
be found in Artmann (2013b).
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The assessment of the importance of indicators (step 1) was done by
involving decision makers of the mesoscale responsible for urban devel-
opment and planning, brownfield management, urban green management
and nature conservation, soil sealing monitoring, urban renewal, and ur-
ban policy. In an online survey, the decision makers were asked to evaluate
the importance of the indicators on a Likert Scale between 1 and 9, where
1 stood for not important and 9 for very important (see e.g., Mendoza and
Prabhu 2000). The weighting factor W, represents the mean value of the
assessment (Table 2). The evaluation of the responses was carried out via a
deductive content analysis (step 2), whereas the indicators served as a cat-
egorization matrix and were use to prove hypotheses developed before the
analysis (Elo and Kyngés 2008). Laws, planning documents, statements of
initiatives, and co-operations were read carefully and data corresponding
to the indicators excerpted. The excerpted passages were coded according
to the indicators’ assessment score (IS) for each sub-target (Table 2).

Afterward, the response efficiency (RE) was calculated for each re-
sponse R of a strategy S separately for each sub-target ST (step 3): all in-
dicator scores IS derived by the responses R within the spatial sub-targets
ST (0)~(VI) were summed up and divided by the number N of responses
R per strategies S reviewed. The sub-targets stand for (see also Fig. 1)
(0) protecting soil; (I) quantitative steering urban gray; (II) quantitative
steering urban green; (I11) qualitative steering urban gray; (IV) qualitative
steering urban green; (V) compensation measures for urban gray; and (VI)
compensation measures for urban green. The quotient was multiplied by
the weighting factor W, (see Table 2):

Y121 ISp_gr

REgr_s = ( Np_s

x W;) (D

The results are provided in % of the maximal reachable weighted score
W, per strategy S. For analyzing the most efficient strategy and spatial
sub-targets toward an ecological sustainable soil sealing management, the
percentage scores reached per strategy and sub-target were summed up,
and the mean value for the strategies (5 strategies) and spatial targets (7
targets) was calculated.



Assessment of Soil Sealing Management Responses, Strategies, and Targets

N
—

Table 2. Indicators, assessment scores, and importance of indicators for assessing the efficiency of strategies toward ecologically
sustainable soil sealing management (ES, Ecosystem service)

Indicator Indicator assessment score IS (between 1 and 9) Weighting | Weighting
factor W, factor W,
Munich Leipzig
(N=13) (N=13)
Securing, improvement and 9: Protection of ES by securing green areas or soils/by reducing sealing is 6.85 7.00
development of habitats for clearly stated as target interlinked with benefits derived by protection/reduc-
flora and fauna tion (e.g., reducing further sealing to protect habitats for flora and fauna and to
Tmproving surface water improve contact to nature for residents) 7.08 $.13
run-off 7: Importance of ES/function is mentioned but not directly linked to targets
Improving climate adapta- such as reduction of further sealing/protection of mﬂwo:\mo:m (e.g., green areas 703 775
tion (decrease heat emission are important for flora and fauna; sealed surface increase urban heating)
increase carbon binding) 4: Protection/importance of aspects related to ES/functions are mentioned but
Improving private recreational they are not directly ﬁ:woa to do:m.mﬂm\rm:d 3.\ green areas/soils or sealing 6.69 719
areas (gardens, courtyards) (e.g., measures for climate mmm_uﬂm:o: have .Ho :dw_mwbﬁ:oau such measures
could also integrate technical solutions)
Improving public green areas ] . 6.69 6.44
(more managed areas such as I ES not mentioned
parks)
Improving recreational areas 6.62 6.44
(less managed, e.g., forests,
landscape parks)
Protection of agricultural 5.54 7.00
areas for food production
Protection of ecologically 7.00 7.44

valuable fertile soils and their
functions
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7.3 RESULTS

Figure 2 summarizes the average efficiency of strategies and spatial sub-
targets toward an ecologically sustainable management as part of a holistic
soil sealing management approach. In Munich and Leipzig, most of the
responses analyzed focus on quantitative protection of urban green and
qualitative steering of urban gray promoting infill development. Ecologi-
cal arguments for infill development are a reduction of fragmentation of
habitats, reduction of traffic, and protection of agricultural areas at the
urban fringes. The protection of soil and the creation of green roofs are
less often included in the reviewed responses. In Leipzig, de-sealing and
dismantling measures are mentioned more often than in Munich especially
in legal-planning and informal-planning documents to reduce transport ar-
eas, to adapt to climate change, and to improve recreational areas by de-
molishing buildings in highly densely built-up areas.

In Leipzig, as well as in Munich, steering by legal and informal plan-
ning seems to be the most efficient strategy followed by co-operative and
informational strategies. The focus of legal and informal planning is espe-
cially on the promotion of urban infill development in course of a qualita-
tive management of urban gray (Fig. 3). This sub-target is supported by
the German Building Code (Baugesetzbuch) that allows a faster and more
flexible realization of infill development waiving an environmental impact
assessment. The aim is to protect natural areas and their fragmentation
at the urban fringes. The quantitative reduction of further sealing is also
demanded by the soil protection clause (Bodenschutzklausel), integrated
in the German Building Code (Baugesetzbuch). Moreover, the open space
plan of the City of Munich, the landscape plan of the City of Leipzig or the
Regional Development plan of Bavaria and Saxony demand the reduction
of further sealing, especially to improve microclimate regulation.

Economic-fiscal steering seems to be less efficient. This becomes es-
pecially obvious when looking at the economic-fiscal steering of soils for
which no response could be identified (see Fig. 3). However, fiscal steering
especially supports the promotion of inner development and the re-use of
brownfields with the support of subsidies as well as the supply and qual-
ity of recreational areas. On the mesoscale, the city of Munich provides
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financial support to practitioners and residents for de-sealing and greening
roofs to improve the infiltration of surface water runoff and microclimate
regulation as well as to improve living quality in the highly sealed city of
Munich. Within a co-operative sealing management strategy, the focus in
Leipzig is on the quantitative and qualitative steering of urban green which
is especially supported by the regional co-operation Green Ring Leipzig
(Griiner Ring Leipzig) where green areas are to be protected, established,
and interlinked to protect agricultural areas and their fertile soils for food
production, the development of parks for recreation or forests for improve-
ment of biodiversity. Soft strategies such as co-operative and informational
responses especially support greening roofs to protect ecosystem services.
This results especially from the transfer of know-how about ecologic advan-
tages of green roofs through brochures. As part of a participatory survey on
the living quality in Munich residents demand a reduction of traffic, also in
connection with the de-sealing of streets and the creation of green areas for
recreation. The reduction of motorized traffic is also one sustainability tar-
get in Leipzig but focuses more on consequences by traffic on air pollution
rather than on the space taken by cars. Moreover, within the sustainability
targets of Leipzig, a reduction of further sealing is demanded. However, in
Leipzig, no sealing monitoring exists as an informational strategy which
could prove the target achievement. In Munich, monitoring of sealing exists
but no quantitative targets exist corresponding to the monitoring.

The analyses of management competences and addressees showed that
most of the reviewed responses are developed at the mesoscale, and there-
fore the city level has the highest competence to take appropriate steps to
manage urban soil sealing (Fig. 4). The competence especially includes the
quantitative (31 responses) and qualitative steering (30 responses) of urban
gray. The qualitative steering of urban gray is also the most often addressed
steering target by the state government (16 responses) and federal states
(20 responses). However, compensation strategies, for instance, for urban
green (state government: 5 responses, federal states: 4 responses) are more
rarely developed at the macroscale but more often at the city level (19 re-
sponses). At the same time, the cities’ policy and planning departments have
to take responsibility to set the sub-targets through informal plans, monitor-
ing systems, goals, co-operations between sectors as well as by putting laws
stated by the state government into practice and acting as a role model to
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Figure 3. Efficiency of strategies to steer sub-targets of soil sealing management in
Munich and Leipzig (in %). Sub-targets for steering soil sealing: O steering soil; |
quantitative steering urban gray; Il quantitative steering urban green; Ill qualitative
steering urban gray; IV qualitative steering urban green; V compensation measures
for urban gray; VI compensation measures for urban green

stop further loss of ecosystem services. Cities are especially addressed with
respect to the implementation of strategies for qualitative steering of urban
gray (28 responses) and quantitative steering of urban green (21 responses).

According to the review of responses, the microscale has developed re-
sponses less often as part of sealing management but is more important to
put responses into practice. Therefore, the success of strategies and responses
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Figure 4. Management competences and addressees at the macro-, meso- and
mircoscale based on the response analyses. The light diagonal arrow shows that
actors at the microscale have less competence and are more often addressed for
reducing soil sealing but influence the mesoscale (see dotted arrow). The dark
diagonal arrow indicates that the macroscale has more competence but is less often
addressed to implement any soil sealing measures

set by the city also depends on their steering potential on the microscale. For
instance, subsidies for greening walls or taxes for waste water removal have
to be high enough that residents implement such compensation measures. In-
formational strategies like brochures or consulting addressing the microscale
could help to show up ecological and financial advantages of such actions.

7.4 DISCUSSION

7.4.1 EFFICIENCY OF SOIL SEALING
MANAGEMENT TO SECURE ECOSYSTEM SERVICES

The evaluation of the responses showed that almost all strategies integrate
ecological aspects as part of sealing management, which is also crucial in
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the course of global environmental change (Grimm et al. 2008). The im-
portance of climate change within sealing management is also shown by
the experts’ highly ranked importance of indicators on improving surface
water run-off and climate adaptation (Table 2) as well as the ranking of the
most important indicators of the content analysis (Table 3). The adaptation
to climate change could, according to the reviewed responses, especially
be achieved by a quantitative steering of urban green. The positive effect
of urban green on the microclimate has been well investigated in a range
of studies (e.g., Gill et al. 2007; Jo and McPherson 2001). In contrast, the
study showed that ecosystem services provided by fertile soils are less
integrated in the responses reviewed. This might also occur due to the lack
of scientific studies on soil and its provision of ecosystem services (see
review within this special issue, Haase et al. 2014).

Moreover, the results demonstrated that the protection of soil by eco-
nomic-fiscal strategies is missing in the case study cities in Germany. In
other European countries, for instance, in Bulgaria or Poland, sealing of
agricultural land is linked to a fee, the size of which depends on the qual-
ity of soil converted (EC 2012). However, although legal- and informal-
planning strategies seem to be the most efficient, it cannot be confirmed
within this study that a mix of economic-fiscal and land use planning
instruments seems to be effective in reducing land consumption (Nuissl
and Schroeter-Schlaack 2009), at least for steering soil sealing in an eco-
logical manner.

The difference between the case study cities regarding the efficiency
of steering was carried out by comparing the efficiency of spatial tar-
gets between Leipzig and Munich. The evaluation indicates the higher
importance of de-sealing measures in Leipzig than in Munich due to
high degrees of vacancy and brownfields that have arisen in the periods
of shrinkage. In general, de-sealing is a chance to develop urban green
areas, especially for Eastern European cities (Kabisch and Haase 2013).
By investigating the development of urban green in 202 European cit-
ies, Kabisch and Haase (2013) further showed that an increase in living
space per capita and in the number of smaller households hampers the
reduction of further land take. Therefore, also practitioners and civic
society need to be efficiently addressed to steer urban soil sealing; this
also has been proven in this paper.
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Table 3. Ranking of the three most important indicators per strategy for protecting ecosystem services in course of soil sealing
management

Rank Legal-planning Informal-planning Economic-fiscal Informational Co-operative
M L M L M L M L M L
(1) Climate Climate Climate Climate Water Water Climate Climate Climate Less
managed
2) Water Water Water Less Climate Habitat More Water Habitat More
managed managed managed
3) Habitat Habitat Less More More Climate Less Less Less Habitat
managed managed managed managed managed managed

M Munich, L Leipzig, climate improving climate adaptation, water improving surface water run-off, habitat securing of habitats for
flora and fauna, more managed improving public green areas (more managed), less managed improving recreational areas (less
managed)
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7.4.2 FRAMEWORK CONDITIONS OF
ECOLOGICALLY SUSTAINABLE SOIL SEALING MANAGEMENT

Indicators reflecting framework conditions for an ecologically sustainable
soil sealing management approach showed that a temporal hypermetropia
mainly achieves high scores for the indicators. Moreover, the majority of
the responses reviewed considered at least ecological aspects but mostly
only within a city view (Table 4).

Although there is a call that urban sustainability needs to consider
planetary stewardship (Seitzinger et al. 2012), the review of the responses
confirmed that urban policies neglect that urban development depends on
the hinterland and its ecological and economical services (Rees 1992). For
instance, experts in the boomtown of Munich evaluated that the protection
of agricultural land for food production is less important than supporting
regulating and cultural ecosystem services (Table 2). Also the review of
strategies in both case study cities showed that the protection of this ser-
vice is rarely implemented. However, the loss of agricultural land by land
consumption means that food has to be transported into the cities, which
might promote sealing for roads and increase air pollution by traffic, which
then has global impacts. Moreover, the high space demand for motorized
traffic is neglected by the responses reviewed. This shows the need to im-
prove the know-how by scientists and decision makers about complex im-
pacts caused by urban soil sealing and loss of open areas through urban
land teleconnections (Seto et al. 2012).

7.4.3 LIMITS AND STRENGTHS OF THE STUDY

The evaluation of soil sealing management strategies and its efficiency
toward an ecologically sustainable management approach was carried out
by coding the results of the qualitative content analysis through numeric
classes. This meant that weaknesses of a quantitative analysis, such as not
seeing behind the scene of words and their meanings in a greater context
(Selltiz et al. 1959), could be reduced. As the coding of the results is very
context-sensitive, the process requires careful reading of the materials.
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Table 4. Ranking of indicators per strategy regarding framework conditions for ecologically sustainable steering of soil sealing

Rank Legal-planning Informal-planning Economic-fiscal Informational Co-operative
M L M L M L M L M L
(1) Temp. Temp. Temp. Temp. Temp. Temp. Spat. Spat. Oblig. Oblig.
2) Oblig. Oblig. Spat. Oblig. Oblig. Spat. Temp. Temp. Temp. Spat.
3) Spat. Spat. Oblig. Spat. Spat. Red. Oblig. Oblig. Spat. Red.

Assessment of Soil Sealing Management Responses, Strategies, and Targets

M Munich, L Leipzig, temp. temporal hypermetropia, oblig. obligation for considering ecological aspects/reduction of sealing, spat.
spatial strategic overview, red. reducing motorized private transport
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Therefore, the content analysis was repeated twice. By using indicators
and coding, the results to compare strategies and spatial sub-targets with
each other, the approach presented in this paper complements the qualita-
tive and less systematic analysis of best practice examples for soil sealing
management by the European Commission (EC 2012). However, a pair-
wise ranking of each response by experts, like in a traditional AHP, was
not done due to the high amount of responses studied; but at least experts
were involved in developing the indicators and assessing their importance.

Limits in this study occurred through the selection of responses as it
cannot be guaranteed that all responses handling soil sealing in the case
study cities have been included. However, as experts were consulted in
the identification of important responses and several studies on urban soil
sealing and land take were revised, it can be assumed that especially legal-
planning, informal-planning, and economic-fiscal strategies are complete
as these provide the basis for urban development. However, informational
and co-operative strategies might be incomplete as a range of small local
initiatives could exist, such as civic greening communities (Bendt et al.
2013), which were not integrated separately into the study. However, the
most important co-operations like the green ring Leipzig were elaborated.
Further research is necessary to investigate to which degree such local
greening initiatives support, for instance, the protection of urban green
areas and the stewardship of ecosystem services, as undertaken by Bendt
etal. (2013).

7.4.4 IMPORTANCE OF FINDINGS
FOR RESEARCH ON ECOSYSTEM SERVICES

Although responses for reducing sealing and protecting green for the pro-
visioning of ecosystem service were identified, none of these mentioned
the term “ecosystem services.” This has been shown in a study in Finland
where most of urban land use planning actors were not familiar with the
concept of ecosystem services although aspects of it were included in land
use planning (Niemela et al. 2010). Therefore, a closer co-operation be-
tween science and practice seems crucial to promote the concept of eco-
system services. This might improve a comprehensive understanding of
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municipalities and their inhabitants regarding the ecosystem and the ben-
efits they derive from it for their well-being (Daily et al. 2009; Niemeld
etal. 2010).

Findings of the study also showed that the qualitative steering of soil
sealing is primarily understood as the promotion of infill development
and densification neglecting that a sufficient supply of ecosystem services
is also crucial for living quality in urban core areas as urban ecosystem
services should be provided where they are consumed (Bolund and Hun-
hammar 1999). In this regard, the ecosystem service approach can pro-
vide decision support for policies to identify which green areas should be
protected from further sealing and where sealing would be acceptable by
assessing the supply and demand of ecosystem services. However, further
research is necessary to provide standardized methods and indicators for
planning and policy assessment, which are practical, applicable, compre-
hensive, credible, sensitive to changes in land management as well as tem-
porarily and spatially explicit (van Oudenhoven et al. 2012).

7.5 CONCLUSION

The paper introduced a new analytical approach to assess and compare
strategies and spatial sub-targets to secure ecosystem services using the
example of soil sealing management. It contributes to a clearer under-
standing about which ecosystem services are considered by planning and
policy to be threatened through soil sealing and land consumption and
which have to be secured by protecting urban green and soils. It could be
shown that challenges as a result of climate change such as improvement
of microclimate regulation and reduction of floods are the most important
arguments to reduce further sealing and to protect urban green. However,
the study responds to the increasing need to include the soil as an eco-
system service provider in further research as well as to detect complex
connections between ecosystem service provision and land use change as
part of urban land teleconnections. Nevertheless, this study showed that
the basis for an ecological sustainable management of urban soil sealing
steering is assured, especially by legal- and informal-planning strategies.
However, since sealing is further increasing in Europe, it can be concluded
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that strategies lack efficient implementation. Therefore, further research
should focus on assessing the steering potential of these responses (e.g.,
acceptance of responses, control of steering success) by integrating actors
of the meso- and microscale (as the main steering addressees) into the as-
sessment process.
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Developing a Sustainability
Assessment Model: The Sustainablé
Infrastructure, Land-Use,
Environment and Transport Model

TAN YIGITCANLAR AnD FATIH DUR

8.1 INTRODUCTION

In recent years climate change and other rising environmental concerns
and problems have put sustainable urban development on the top of the
agenda in almost every city across the world [1,2]. The increased and ur-
gent environmental agenda has engendered the need for employing sus-
tainability assessment frameworks as key mechanisms for measuring the
impacts of development on the environment, and as key policy instruments
for supporting the transition to a sustainable urban development path [3,4].
Particularly during the last decade, sustainability assessment via indicators
and indexing methods has gained recognition. This is mainly because of
the visualisation of phenomena and the highlighting of trends based on
reliable variables being highly considered as logical approaches in deter-
mining comparative sustainability levels [5]. Among the experts, there is
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a common agreement on using sustainability indicators for assessment,
provided that they are selected and applied carefully and appropriately [6].
Indicators help in the performance assessment of the development, and of
the overall effectiveness of partnerships to improve economic, social and
environmental well-being of urban settings. Beyond the assessment pur-
pose, sustainability indicators are also crucial in developing awareness of
urban and environmental problems, and in advocating the need for achiev-
ing sustainable urban development [7].

Following the wide acceptance of the sustainable urban develop-
ment notion, finding an accurate way to assess and measure comparative
sustainability levels of existing and future developments has become an
important issue [8,9], and, there have been various studies which have
proposed different methods for sustainability assessment [10-13]. A thor-
ough review of some of these assessment tools are presented by Karol and
Brunner, particularly scrutinising six key neighbourhood scale sustain-
ability assessment tools—the Cascadia Scorecard, the LEED (Leadership
in Energy and Environmental Design) for Neighbourhood Development
Rating System, One Planet Living (OPL), the South East England Devel-
opment Agency (SEEDA) Checklist, SPeAR® (Sustainable Project Ap-
praisal Routine), and VicUrban Master Planned Community Assessment
Tool [14].

Although there are various sustainability assessment methodologies,
models and tools developed so far, only a few have an integral approach
that takes into account all of the environmental, economic and social as-
pects. According to Singh et al. [5] “...in most cases the focus is on one
of the three aspects. Although, it could be argued that they could serve
supplementary to each other, sustainability is more than an aggregation of
the important issues, it is also about their inter-linkages and the dynam-
ics developed in a system. This point will be missing if tried to use them
supplementary and it is one of the most difficult parts to capture and reflect
in measurements...”

Hacking et al. [15] advocate that the confusion inherent in sustainabil-
ity assessment methods might be avoided by gathering all these methods
under a broad umbrella of “sustainability assessment appraisal” and form-
ing a more precisely defined method based on sustainability indicators.
The literature indicates limitations of the existing assessment models and
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sustainable urban development requests, which are rapidly increasing in
sophistication, and this creates an urgent need for more effective assess-
ment methods and tools [16,17].

In line with these sentiments, this paper reports a study that develops a
comprehensive sustainability assessment model entitled “The Sustainable
Infrastructure, Land-use, Environment and Transport Model (SILENT),”
which aims to provide a more effective sustainability assessment by taking
all of the major aspects affecting sustainability into account: environmen-
tal, economic and social. The SILENT Model is developed as an advanced
geographic information system and indicator-based urban sustainability
indexing model. The model considers the sustainability of land-use, en-
vironment, transport systems and infrastructure with a triple bottom line
approach, and uses similar steps of the OECD Composite Indicators Meth-
odology [18].

This paper is organised in four sections. Following this introduction,
secondly, we highlight the nature and importance of indicator-based com-
parative urban sustainability assessment, which is increasingly recognised
as a successful sustainability assessment method. Thirdly, we present the
conceptual and methodological approach of the SILENT Model. In this
section, we also introduce the four key components of the model: concep-
tual, indicator, indexing and policy-support bases of the model. Lastly, we
outline potential policy implications and plans for further development of
the SILENT Model.

8.2 INDICATOR-BASED COMPARATIVE
URBAN SUSTAINABILITY ASSESSMENT

As Meadows [19] notes, indicators arise from values and, in turn, they
create values; therefore, the biggest advantage of an indicator-based com-
parative urban sustainability assessment model is the quantifiability of
the comparative sustainability levels. Another instrumental purpose of
using sustainability indicators is that ““...by visualising phenomena and
highlighting trends, indicators simplify, quantify, analyse and communi-
cate otherwise complex and complicated information...” [20]. Depending
on these qualities, indicators have attracted a wide range of interest, and
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this has led to generation of a large number of relatively successful urban
sustainability assessment practices. The main difficulty faced while using
indicators is to find a common unit and method of measurement leading
to comparison of performance of a setting or policy package. Over the last
decade, there has been an increasing effort to structure an indicator system
and monitoring process to accurately formulate an integrated urban sus-
tainability monitoring and assessment strategy.

In such a strategy, even though the ecological footprint is not a com-
posite indicator, because both composite indicators and the ecological
footprint collapse all sustainability issues into a single number, the eco-
logical footprint approach is considered useful in finding a common unit
for measurement [21]. The ecological footprint documents the extent to
which human economic activities stay within the regenerative capacity
of the biosphere. It considers consumption or production perspectives re-
lated to the activities of cities, corporations and individuals, and their role
in non-renewable resource depletion. This approach is popular because
its standardised measurement—global hectares—can be employed when
making urban and project based comparisons [22]. This generalised and
comparable measurement is often used by public and private institutions,
and this is seen as a positive development in urban policy analysis [23].
As emphasised by McManus and Halighton [23], the ecological footprint
concept contributes to focusing on and minimising consumption patterns
and changing global aspects of these patterns.

From a local perspective, sustainability indicators reflect large scale
environmental and economic considerations, as well as local social is-
sues relevant to urban sustainability. In general, catchments, habitats
of endangered species and natural reserve areas form environmentally
sensitive regions, and environmental sustainability considerations are
highlighted at the local and regional scales. In terms of economic activi-
ties and urban communities, a divergent range of spatial units, such as;
from metropolitan areas to small scale infill areas, are the main subjects
of local level sustainability studies. In these studies, there is a grow-
ing concern to balance environmental, economic and social dimensions
of sustainability [24]. The sustainability of local economy, residential
and industrial consumption, recycling, energy security, renewable en-
ergy use, local pollution, preservation of ecologically sensitive areas,
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accessibility to urban services, demographic changes, immigration and
integration of social groups, social and gender equity, urban poverty,
quality of life, sense of community, public security, participation in lo-
cal decision making process, education, literacy, and public health are
among the key indicator categories that can be found in nearly all sus-
tainability assessment endeavours at the local level.

The scope and contents of local indicators differ from one project to
another. However, the primary intention of a sustainability assessment is
to include the most prominent local indicators in the assessment model.
An assessment model with a comprehensive coverage of key issues pro-
vides findings that, in an extensive and inclusive decision making plat-
form, could support the development of policies and actions for a more
sustainable urban future [25-27].

In order to measure the comparative level of sustainability accurately,
sustainability indicators ought to be carefully selected. On the theoretical
front, indicators should relate to sustainability and represent all necessary
sustainability domains (i.e., economic, environmental, social, and also in-
stitutional). On the practical front, they should have appropriate param-
eters that would make assessment possible. Lautso et al. [28] define the
key indicator selection issues as relevance, representativeness, policy and
predictability. Furthermore, indicators need to be scientifically valid, re-
sponsive to the changes in the system, understandable, and flexible enough
to encompass new knowledge and public perceptions [29]. In relation to
the data availability and quality, indicators should be as few as possible;
however, no essential indicator should be omitted for purposes of brevity.
Even if these qualities are context-dependent and not exhaustive, as Hak et
al. [30] state, ““...features of a robust indicator include a simple and unified
method, commonly agreed issues and targets of wide applicability, trans-
parency in the process, and agreement between partners on the process...”

Most indicator-based approaches only highlight issues, and do not pro-
vide an answer to the question of why the level of sustainability differs
from one place to another. In other words, in most of these approaches, the
link between theory and practice has not been well established. Therefore,
it is important that key indicators need to be supplemented by qualitative
and quantitative information on impact and performance levels. In this
regard, a good sustainability assessment practice example is The Bellagio
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Principles developed by the International Institute of Sustainable Devel-
opment [2]. These principles serve as guidelines for the assessment pro-
cess, including the selection and design of indicators, their interpretation,
and the communication of results, to provide a link between theory and
practice.

8.3 THE SILENT MODEL

Unsustainable urban development occurs mostly as a result of the inherent
interdependence between urban form, transportation and infrastructure,
and their impacts on the environment. Therefore, for this research our op-
erational definition of urban sustainability is “the long term viability of
urban living that minimises the negative impacts of urban demography,
land use, urban form and transport on the environment.” As explained in
the previous sections, sustainability assessment plays an important role in
portraying unsustainable urban development as well as good sustainability
practices. Considering the constrains and limitations of existing sustain-
ability assessment methods, and the tools depicted and discussed in the
literature, this paper reports a study that develops a local level compre-
hensive sustainability assessment model. “The Sustainable Infrastructure
Land-use Environment and Transport Model (SILENT)” is an advanced
geographic information system (GIS) and indicator-based urban sustain-
ability indexing model. The spatial indexing nature of the model is par-
ticularly useful for the analysis and the visualisation of comparative sus-
tainability levels of urban localities. As a spatial indexing endeavour, the
specific aim of the model is to incorporate all related domains affecting
urban sustainability (i.e., demography, land-use, environment, transport
and infrastructure) into a practical assessment method that informs plan-
ning and decision making processes. The SILENT Model is developed by
following four logical steps similar to the OECD’s Composite Indicators
Methodology [18].

Firstly, a relevant measurement method to evaluate performance of
urban sustainability is selected. As the background provided in the ear-
lier literature review sections suggests, an indicator-based sustainabil-
ity approach is selected due to its conceptual consistency and practical
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simplicity. Additionally, the SILENT Model uses performance indicators
selected from the current planning schemes that reflect local sustainability
concerns (i.e., Gold Coast City Planning Scheme’s sustainability indica-
tors). Secondly, to gauge the comparative sustainability levels of the urban
settings, a number of indicator categories, sets, individual indicators and
parameters are employed (see Appendices 1). By using relevant indica-
tors, the model analyses and pictures the comparative sustainability levels
mainly based on the composite effects of urban form, transport and in-
frastructure interrelationship and their impacts on the environment. The
third step is aggregating the values of each area by individual indicators to
form a composite index. This step includes associating different indicators
to form a composite index by assigning and considering each indicator’s
individual weightings. To do this, a number of statistical procedures are
applied. Although at the first glance the SILENT Model looks like only
a composite indexing system, actually it also benefits from multivariate
analysis in forming the indicator base of the model. At this initial practice,
reported in this paper, only factor analysis is employed as a multivariate
analysis technique, however, along with factor analysis a stepwise regres-
sion method is also possible to be used in order to determine the best fit-
ting sets of indicators to identify sustainability levels. Finally, the model
outputs—the spatial sustainability composite index values—are prepared
for use in the benchmarking and policy making processes. As well as re-
vealing the existing comparative levels of urban sustainability, the model
can also be used to estimate the sustainability outcomes of alternative de-
velopment scenarios.

The main characteristic of the SILENT Model is that it uses a grid-
based system and divides the study area into small grid cells (e.g., 100
x 100 m). The grid-based analysis is particularly popular in accessibility
indexing studies due to its strengths in condensing the analysis into com-
parable same size analysis units—for example, LUPTAI [31]. The model
assigns values of various attributes of urban settings into each grid cell
by using an indicator-based assessment system. The completion of value
assignment to each grid cell for each indicator forms a composite index in
both tabular and dynamic visual forms (that are tables and GIS maps) to
display the results of the sustainability assessment performance of the lo-
cality. The model is also equipped to be run for policy and scenario testing.
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The nature of the iterative use of the SILENT Model provides a dynamic
and process-dependent sustainability evaluation.

The structure of the SILENT Model is illustrated in Figure 1 below.
There are four constituent parts of the model: conceptual base of the
model; construction of the indicator base of the model; urban sustain-
ability indexing base of the model; and the policy and decision support
base of the model. These constituent parts of the model are explored in
detail below.

The concept of sustainability and its spatial or urban structure dimen-
sion constitute the theoretical foundation of the SILENT Model. In terms
of sustainable urban development and sustainable communities, urban
form, mobility pattern and infrastructure provision are the primary issues
connected to the environmental domain of sustainability. Urban policy
considerations are generally delineated by land-use and transportation
plans and infrastructure investments. Naturally, all endeavours related to
urban development carry infrastructure and service considerations into the
planning activities. Therefore, the question remaining is: how to define and
measure the interrelated qualities of this construct to portray interventions
designed to form more sustainable communities. Indicators and indices
are frequently used means for generating sustainability policies and mak-
ing comparison among different aspects of the sustainability performance.
Even if they are widely used tools, the theory behind the indicator-based
description of urban sustainability (with scientific reasoning) frames the
structure of the research and has immense importance for the robustness
and reliability of methods. Even though there is no unified method in the
indicator-based sustainability assessment, the literature contains a consid-
erable number of studies with different concerns, such as development,
market and economy, innovation and knowledge, and ecosystems [5].
These studies employ indicators or index-based models to perform sus-
tainability performance evaluation, and are invaluable sources that shed
light on the practicability and theoretical strengths of the SILENT Model.

The data requirements of the SILENT Model highlight the dual relation-
ship between theoretical robustness and data accessibility and quality con-
siderations. While the theories related to the variables of urban sustainability
considerations convey a very wide and interrelated picture, finding respec-
tive data from available sources is not always an easy task. In some cases,
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available data may not have the desired scope, or have statistical flaws that
may result in biased measuring and forecasting. Additionally, auto-correla-
tion between indicators is another issue that could jeopardise model reliabil-
ity. In some respect, the selection of data is based partly upon intuition and
partly on subjective judgement, a situation not uncommon when building a
decision support model [5,32]. A carefully designed indicator selection pro-
cedure of the model helps in making the model more concise and cost effec-
tive by avoiding unnecessary data collection costs. Data availability effects
the selection of suitable indicators. As explained by Hak et al. [30], indica-
tors are merely assessment tools; therefore, the cost of improvements should
not limit the capacity to implement policy. This is to say as in the case of the
SILENT Model, indicators also need to be selected in a cost-effective way.

8.3.1 CONCEPTUAL BASE OF THE MODEL

Based on the aforementioned conceptual and technical issues, the review
of the literature and the best practice model and cases, the SILENT Model
accommodates four key indicator category areas of “demography” “land
use and urban form,” “transport” and “environment,” in order to best ex-
plain the social, economic and environmental sustainability of an urban
locality under investigation (see Figure 1). As the literature indicate, these
four broad categories represent all of the major human activity areas that
play a critical role in effecting sustainability levels of urban environments
[2,15]. These categories are considered as generic global categories so as
the indicator sets. In terms of indicators this study purposely selected suit-
able indicators for the case of Gold Coast City, Australia. However, the
methodology presented in this paper could be easily replicated elsewhere
as long as indicators are carefully selected to reflect sustainability charac-
teristics of the local context clearly.

8.3.2 INDICATOR BASE OF THE MODEL

In keeping pace with the growing interest in sustainability research,
there have been various studies proposing different scope and content



‘[9POW INTTIS 9Y3 JO 21nonag * | anSiy

Sustainable Cities: Urban Planning Challenges and Policy

....................................... ._ e L e e
1 i 1
e ....T...."... srmsrssmrssssrssssssssssssesssssssssssssssassene !
1 i " 1
i ! g i
b : “
i ! 1
P e 0 1 sy Lagpod o B onmmuaags

e s s RS | _HV“ I0MNS GOTIR3p PUT S AAI0ds wawdomaza ||
MvEn ALE0dWoD | [ | ittt i IV DS i
i m LHOAANS HOSCE ANV A0 “
i ! i
| i PO LTS oY
I " Joozeg woddns o !
T2pom JMETIS 213 " H "
TONESE RO | (. e i e o T e ) e e o e e o e e i

1

T et —————— L ———
|
1
P e e e .
_ e ] | |
“ FInE e RIS+ i |
||| prewt ey dage- vy e PRAATAIE JCIBIRTU] BATIMIE. eh:h.Mn.Hﬂﬁ.ﬂ.E.:Ln_E. i | i
“ UCONGLALER J0 WG] [RI0RZENg= 0150 SEAPSTPUT OF 30 B[ Y T 1 i
! SAT[RA T SHOLWHIMI e T T T i -
] NOLLWSRELLAWYH VA - 1 i
“ * + EEsrRdmas Nnopg e " !
. - L ARIHPIEG - LT R E TR I !
" uape]- L3I0 Jma g ume. proe ymepenay)e 1 i
: e I SLIS HOLVIION : !
| ME AR BATRIEIT SUC A+ 1l “
| SELLIWVAVA SHINLIE O VTHALIED * + 1 i
i HOLLYTIES HOLY O ML b 395 SoQBITIL g 1001 Le : -
i [ 335 JMEI[PU] = PITT 4= A1000| L= ] 1
i 7 126 JDYE[PU] 4= ADI]s “ i “
1 T 35 JGUEIPU] & BT & L1081 L= H “ :
. ST O M ! ] 8
i PP NS 21 FAHLADNOLLMTELENOD : H [P NATIS O3
_ et s el : . Joageq Emdacnns |

164



Developing a Sustainability Assessment Model 165

for sustainability indicators. Also, depending on the scale of the consid-
eration, it is very common to see local and regional indicators defined
separately for sustainability assessment. Putting the spatial scale aside,
one of the strengths of the SILENT Model is its indicators being con-
ceptually robust and practically relevant to the urban sustainability con-
text. While conceptually robustness refers to the inclusion of all of the
key indicators based on the relevant theoretical grounding, the practical
relevancy highlights a selection of suitable indicators by considering data
availability, policy guidance, and institutional and public priorities. The
main difficulty faced while using indicators is to find a common unit of
measurement to compare performance of the setting or policy package.
Gasparatos et al. [33] state that there are three widely used sustainability
assessment methods: monetary tools; biophysical models; and sustainabil-
ity indicators and composite indices. As done for cost-benefit analysis of
environmental assessment, converting externalities into monetary terms is
the most preferred approach, while another popular method is to convert
parameters into units of global hectares as required by the carbon foot-
print concept. Biophysical models refer to entropy and carrying capacity
concepts. For example, the global hectares concept posed by the carbon
foot-printing method is a biophysical measure which is easily understand-
able, comparable, and frequently used for policy formulation. However,
converting some of the social and environmental qualities such as traffic
fatalities, endangered species, protected habitats, and human health into
common units might be a challenging task. In the light of the literature
findings, the SILENT Model uses ecological foot-printing as a common
unit of measurement in its sustainability indicators and composite indices-
based assessment methods.

As mentioned previously, the SILENT Model uses an indicator-based
assessment system. From a pool of over 600 indicators, gathered from a
thorough review of the literature [30,34,35], the most relevant indicators,
30 of them, are selected to form the indicator system. The indicator selec-
tion decision is made by a team of dozen experts, five researchers, five
practitioners and two local government policy makers, in a collaborative
manner through a series of workshops. The most relevant indicators for the
study area of the Gold Coast City, Australia are selected by considering the
literature (theory), local context and data availability (practicality). Each
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indicator is located under a relevant indicator set, and each indicator set
is placed under an indicator category based on their theoretical relation-
ship. The SILENT Model uses suitable parameters in the indicator-based
measurement process. Assigning parameters to indicators is not always
an easy task. In some cases, it is inevitably hard to define parameters,
especially for social and value-dependent measures. For these measures
in the model, searching for an innovative approach, localising measures
via public involvement and reconciliation, or using proxy variables is
considered a solution. If parameters can be determined via literature and
other sources, they are used. If not, new parameters are established by
using Delphi method. For the Delphi method the same aforementioned
expert team of a dozen people are contacted through a set of face-to-face
meetings for interviews and surveys in order to determine most suitable
parameters for each indicator. The indicator category, indicator sets and
individual indicators are listed in Table 1. Additionally Appendix 1 lists a
more detailed version of this table including parameters and sustainability
calculation formulas of each indicator.

8.3.3 INDEXING BASE OF THE MODEL

In the literature, the terms “composite indicators” and “indices” are gener-
ally considered as synonymous [5,36]. While the final product of some
studies is a composite indicator, others produce a series of comparable
indices. Particularly in measuring sustainability, these are grouped under
the usual environmental, economic and social indices [28]. The main char-
acteristic of the indices is that they do not have a unit, so that they provide
comparison opportunity between localities [31]. The procedure followed
in generation of the indices also points out the main weakness of the com-
posite indicators. Components are assigned weights with the proportion of
variances in the original set of indicators, and can then be aggregated us-
ing an additional or a functional nature. Weightings are used to correct the
information overlap of correlated indicators, so as to ensure that the results
are not biased [32]. The weighting methodology carries a value-dependent
bias and, in some cases, weighting with linear aggregation causes substitu-
tion among indicators. This gives rise to overly-normalised index values
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Table 1. Indicator System of the SILENT Model.

and Urban Form

Indicator Indicator Sets Individual Indicators
Categories
Demography Residential Population density
characteristics Labour force participation
Car ownership
Employment Jobs to housing balance
characteristics Employment density
Land Use Housing compactness Mix use ratio

Dwelling density

Single-family parcel size

Single-family dwelling density

Multifamily dwelling density

Local amenities

Recreation facility supply

Socio-cultural facility supply

Transport

Transit orientation

Transit adjacency to residents,
services

Transit patronage ratio

Non-automobile
travel pattern

Transit adjacency to employment

Transit proximity to employment

Pedestrian network coverage

Bicycle network coverage

Automobile travel
pattern

Home-based vehicle kilometres
travelled

Non-home-based vehicle kilometres
travelled

167

Number of home-based vehicle trips

Number of non-home-based vehicle
trips

Parking supply in employment centres

Environment

Residential resource
consumption

Wastewater generation

Solid waste generation

Energy use

Residential water consumption

Pollution generated
from traffic

Greenhouse emissions generated

Stormwater runoff pollution generated

Noise pollution generated
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[36]. The SILENT Model determines its indicators’ weightings through
a Delphi study. Aforementioned expert team is also consulted to help au-
thors with assigning appropriate weightings to each indicator.

However, aggregation of these indicators as an index can cause, in
some cases, critical information losses which make it difficult to identify
negative or positive changes in the indicator due to the offsetting effects of
the positive indicators on negative ones. A good example is from Oregon,
US, where a framework measuring environmental, social and economic
sustainability levels showed a rise in social and economic indices and a
falling environmental index, but with a rise in the overall sustainability in-
dex [37,38]. The inability to identify negative movement of indicators may
lead to remedial efforts that are applied too late; this would then render the
whole exercise fruitless. Composite indices have also been criticised for
their inability to show the negative movements of particular indicators,
thus making it difficult to implement strategies that target specific problem
areas [39]. Therefore, while working with composite indices, the SILENT
Model also uses control indicators in a disaggregated form or, at least, to
select critical indicators that can be used for early warnings about critical
mistakes.

Besides the earlier mentioned Delphi study the SILENT Model also
uses a set of statistical methods in order to make sure the most suitable
indicators are selected. The statistical analysis is undertaken to clarify the
relationship between indicators and urban sustainability by employing
Factor Analysis Technique, one of the widely used multivariate analysis
methods. Before determining the factors impacting sustainability levels,
a correlation matrix is formed to select indicators to be analysed. After
this, factors are designated via checking screeplot of eigenvalues, and then
indicators are assigned to the respective factors by using rotated loading
matrix technique. This process is useful in providing a lesser number, con-
ceptually sound and relatively independent set of factors, where they form
the main drivers of urban sustainability within the framework of the SI-
LENT Model.

The second step of the SILENT Model is to normalise the values of
each indicator before weighting and aggregation procedures. There are
three widely used methods for normalisations [5]. The first method is to
use a standardised distribution, such as normal or t-distribution. Secondly,
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it is possible to convert all values into standard ordinal scale (e.g., Likert
scale). Thirdly, linear arithmetic normalisation procedures could be em-
ployed using minimum and maximum values of the indicators. The main
differences between these approaches are that they give different weight-
ings to the values according to their difference from the mean value. Or,
as in the Likert scale, values are placed into distribution-free scale, thus
potentially bringing researchers, practitioners and public perceptions to-
gether for the normalisation procedure. This study uses the Likert scale in
order to convert all values into standard ordinal scale (i.e., Low, Medium-
low, Medium, Medium-high, and High). This normalisation method is
proven to be useful and used in similar indexing studies [31].

The third step involves assigning the weighting of each indicator or
factor. Various techniques such as multivariate analysis of factor analysis,
and public and expert opinion techniques are employed for this procedure
[5,30,34]. The main consideration at this stage is to select a robust method
that evaluates weightings as to their relative importance in the model or,
alternatively, in the decision making procedure. The latter consideration is
the main reason for the Delphi method.

The fourth step of the model is aggregation of the respective indica-
tors to produce a set of indices and a composite index. While the literature
shows us that simple additive rules are generally employed, it is possible
to define a functional form for aggregation. As stated by Singh et al. [5],
composite indices should ideally remain relatively simple in terms of
their construction and interpretation, and the choice of method employed
in weighting and aggregation is ultimately dependent on the nature and
scope of the particular case study. In the SILENT Model aggregation and
disaggregation method is undertaken in two scales. The first one is the ag-
gregation of normalised data from street and parcel levels into grid cells,
and also at the same time disaggregation of Census data from Census Col-
lection Districts (CCDs) into grid cells. The second one is aggregation of
grid cell sustainability levels into CCDs, postcode areas and suburbs. The
last step of the SILENT Model is visualisation of the composite index val-
ues in a GIS environment. ArcGIS is used as a system for spatial analysis
and visualisation. The GIS-based model produces a grid cell system for
sustainability analysis. The study area is divided into 100 x 100 meters
grid cells and composite sustainability index values of all indicators are
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Figure 2. Composite Sustainability Indexing Structure of the SILENT Model.

transferred into the grid cells. Following the entry of the weighting fac-
tors, the GIS system produces a set of indices including composite sustain-
ability index in five comparative sustainability levels: Low, Medium-low,
Medium, Medium-high, and High. These five comparative sustainability
levels are set by assigning calculated Likert scale values for each indicator
between the value of 0 and 5: Low (0.00—1.00), Medium-low (1.01-2.00),
Medium (2.01-3.00), Medium-high (3.01-4.00), and High (4.01-5.00).
The GIS system also provides a tabular report for exact unit values of
the comparative sustainability level of each grid cell. This report contains
a sustainability figure each, between 0 and 5, for 30 indicators, a figure
each for nine indicator sets, a figure each for four indicator categories, and
a composite index value representing the overall sustainability level of
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this particular grid cell. These grid cell values via the aggregation method
in the GIS environment are converted into other geographical scales of
analysis, such as street, neighbourhood, CCD, suburb and city [31]. As
well as the composite urban sustainability map, a map each is prepared
for all indicators, indicator sets, and indicator categories. Figure 2 above
illustrates the basic composite urban sustainability indexing structure of
the GIS-based model.

8.3.4 POLICY SUPPORT BASE OF THE MODEL

The SILENT Model develops a set of indices and a composite sustain-
ability index to be used for benchmarking and performance assessment
of comparative urban sustainability levels and development of relevant
policies and strategies, considering both current and future comparative
sustainability levels. This allows for the review of the capacity and com-
parative sustainability levels of current urban formation, and enables the
forecasting of future scenarios, via simulation, which local and state gov-
ernments, planning institutions and firms and local community organisa-
tions could highly benefit from.

This indexing model can be used for informing policy, strategy for-
mation and also as a planning or decision support system. Some of the
particular planning policy areas that the SILENT Model is relevant to in-
clude: Planning and managing sustainable urban development; Planning
the development of sustainable transport infrastructure and services; Plan-
ning for and prioritising sustainable urban infrastructure; Assessing the
development applications; Designating conservation areas; Safeguarding
existing environmental assets and values; Developing policies for sus-
tainability and intervening with unsustainable development; Increasing
awareness among the community via participatory planning mechanisms
promoting urban sustainability.

The SILENT Model has the communicative advantage of being easy to
convey comparative levels of sustainability, making it a relatively simple
exercise for both the general public and decision makers to understand.
The model can also be used for forecasting, with future infrastructure sce-
narios to be evaluated using predicted data and development trends.
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As the SILENT Model is recently developed, at this early stage of the
project it could only be tested with dummy figures in a case study in the
Gold Coast, Australia. The main purpose of this dummy pilot study is not
to measure accurate sustainability levels, but to see whether the model
works properly and provides meaningful findings. Figure 3 below demon-
strates an example of the composite index developed for part of the Gold
Coast City by using hypothetical data. Unsurprisingly the application of
the model in a hypothetical exercise in the Gold Coast showed that areas
around major arterial roads and main activity centres generally have low
sustainability levels compared to those close to green spaces and natu-
ral environment. This experiment has demonstrated that the model in the
broad sense working properly and ready for minor adjustments and cali-
bration. Once the model is calibrated based on this pilot testing, it will be
run with real data.

Authors of this paper and the rest of the research team are commis-
sioned by the Local Government of Gold Coast City, and the State Trans-
port Authority of Queensland Transport and Main Roads, to undertake a
case study for the three selected Gold Coast suburbs—Coomera, Helens-
vale and Nerang—by using the SILENT Model to provide more accurate
assessment of their existing and future sustainability levels. The data col-
lection stage of this case study has already been commenced and it is ex-
pected to be completed in early 2010, and then the SILENT Model will be
applied to the selected suburbs of the Gold Coast.

8.4 CONCLUSIONS

The research results demonstrate that it is possible to produce a viable
local level sustainability assessment model, apply the model to a major
urban area (e.g., Gold Coast City), and produce a mappable sustainability
index. However, this paper only describes the first iteration of the SILENT
Model. In this first run we only looked at the basic four key dimensions
of urban sustainability (i.e., urban demography, land use and urban form,
transport and the environment). Parallel to the views of Gasparatos et al.
[40,41], we also acknowledge that additional aspects are also needed to
be considered (e.g., equity, participation, and the precautionary principle).
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Figure 3. Sample Composite Indexing Map of the SILENT Model

Hence, further research is anticipated which will focus on enhancing the
model by testing various indicators in order to best reflect comparative
sustainability levels of urban localities. Another area for further develop-
ment and amendment of the model involves the inclusion of infrastruc-
tures other than transport (e.g., water, sewerage, stormwater, power) in to
the SILENT Model. Moreover, decreasing the grid cell sizes and develop-
ing a parcel-based module of the model are among the improvements to
be explored in future refinements. All these improvements will also be
tested in several pilot studies, and several sensitivity analyses with differ-
ent weightings will be conducted before the model is potentially adopted
into Gold Coast City Council’s planning mechanism.

While still in its infancy, the SILENT Model has been tested on the Gold
Coast case study by using hypothetical data. The sustainability indexing
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and assessment experience has shown that, when fully operationalised,
the model has the potential to help planners and policy makers to pursue
an integrated framework for locally adoptable sustainability policies. The
model is useful in providing unambiguous representation of relationships
in urban form and problem areas of urban settings and, where necessary,
policies can be tested and accommodated. The model employs a holistic
view of urban dynamics and is not only an invaluable sustainability and
environmental impact assessment model, but also a practical planning de-
cision support system. When considered in the context of growing popula-
tion, urban and environmental problems and climate change, the SILENT
Model has an immense potential to aid involved parties in forming sus-
tainable urban and transport development policies and in monitoring their
impacts on the environment.

REFERENCES

1. Yigitcanlar, T.; Fabian, L.; Coiacetto, E. Challenges to urban transport sustainabil-
ity and smart transport in a tourist city: The Gold Coast, Australia. Open Transport.
J. 2008, 1, 19-36.

2. Teriman, S.; Yigitcanlar, T.; Mayere, S. Urban sustainability and growth man-
agement in South-East Asian city-regions: The case of Kuala Lumpur and Hong
Kong. Plann. Malays. 2009, 7, 47-68.

3. Hemphill, L.; Berry, J.; McGreal, S. An indicator-based approach to measuring
sustainable urban regeneration performance. Urban Stud. 2004, 41, 725-755.

4. Hezri, A.A. Utilisation of sustainability indicators and impact through policy
learning in the Malaysian policy process. J. Environ. Assess. Pol. Manag. 2005,
7,575-595.

5. Singh, R.K.; Murty, H.R.; Gupta, S.K.; Dikshit, A.K. An overview of sustainabil-
ity assessment methodologies. Ecol. Indicat. 2009, 9, 189-212.

6. Brownhill, D.; Rao, S. A Sustainability Checklist for Developments: A Common
Framework for Developers and Local Authorities; BRE Press: London, UK, 2002.

7. Europe’s Environment: The Dobris Assessment; Stanners, D., Bourdeau, P., Eds.;
European Environment Agency: Copenhagen, Denmark, 1995.

8. Brandon, P. Foreword. In Sustainable Urban Development: The Framework and
Protocols for Environmental Assessment; Curwell, S., Deakin, M., Symes, M.,
Eds.; Routledge: New York, NY, USA, 2002.

9. Indicators of Sustainable Development: Guidelines and Methodologies; United
Nations Publications: New York, NY, USA, 2007.

10. Environmental Indicators; Organisation for Economic Cooperation and Develop-
ment Press: Paris, France, 1994.



Developing a Sustainability Assessment Model 175

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Impact Assessment and Sustainable Development: European Practice and Experi-
ence; George, C., Kirkpatrick, C., Eds.; Edward Elgar Publishing: London, UK,
2007.

Foley, B.; Daniell, A.; Trevor, M. A. Sustainability tool for intrasectoral and inter-
sectoral water resources decision making. Aust. J. Water Resour. 2004, §, 11-19.
Norman, W.; MacDonald, C. Getting to the bottom of triple bottom line. Bus. Eth-
ics Q. 2004, 14, 243-262.

Karol, P.; Brunner, J. Tools for measuring progress towards sustainable neighbor-
hood environments. Sustainability 2009, 1, 612-627.

Hacking, T.; Guthrie, P. A framework for clarifying the meaning of triple bottom-
line: Integrated, and sustainability assessment. Environ. Impact Assess. Rev. 2008,
28, 73-89.

Shepherd, A.; Ortolano, L. Strategic environmental assessment for sustainable ur-
ban development. Environ. Impact Assess. Rev. 1996, 16, 321-335.
Dalal-Clayton, B.; Sadler, B. Strategic Environmental Assessment: A Sourcebook
and Reference Guide to International Experience; Earthscan: London, UK, 2005.
Handbook on Constructing Composite Indicators: Methodology and User Guide;
Organisation for Economic Co-operation and Development (OECD): Paris, France,
2008.

Meadows, D. Indicators and Information Systems for Sustainable Development;
The Sustainability Institute: Hartland, WI, USA, 1998.

Warhurst, A. Sustainability Indicators and Sustainability Performance Management;
International Institute for Environment and Development: Warwick, UK, 2003.
Wackernagel, M.; Rees, W.E. Our Ecological Footprint: Reducing Human Impact on
the Earth; New Society Publishers: Philadelphia, PA, USA, 1996.

Wackernagel, M.; Kitzes, J.; Moran, D.; Goldfinger, S.; Thomas, M. The ecologi-
cal footprint of cities and regions: Comparing resource availability with resource
demand. Environ. Urban. 2006, 18, 103-112.

McManus, P.; Halighton, G. Planning with ecological footprints: A sympathetic cri-
tique of theory and practice. Environ. Urban. 2006, 18, 113-127.

Atkisson, A. Developing indicators of sustainable community: lessons from sustain-
able Seattle. Environ. Impact Assess. Rev. 1996, 16, 337-350.

Atkisson, A.; Hatcher, R.L. The compass index of sustainability: Prototype for a
comprehensive sustainability information system. J. Environ. Assess. Pol. Manag.
2001, 3, 509-532.

Valentin, A.; Spangenberg, J.H. A guide to community sustainability indicators. En-
viron. Impact Assess. Rev. 2000, 20, 381-392.

Astleithner, F.; Hamedinger, A.; Holman, N.; Rydin, Y. Institutions and indicators:
The discourse about indicators in the context of sustainability. J. Hous. Built. Envi-
ron. 2004, 19, 7-24.

Lautso, K.; Spiekermann, K.; Wegener, M. Modelling policies for urban sustainabil-
ity. In Proceedings of the 42nd Congress of the European Regional Science Associa-
tion, Dortmund, Germany, August 2002.

Maclaren, V.W. Urban sustainability reporting. J. Am. Plann. Assoc. 1996, 62,
184-202.



176

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sustainable Cities: Urban Planning Challenges and Policy

Hak, T.; Moldan, B.; Dahl, A.L. Sustainability Indicators: A Scientific Assessment;
Island Press: Washington, DC, USA, 2007.

Yigitcanlar, T.; Sipe, N.; Evans, R.; Pitot, M. A GIS-based land use and public trans-
port accessibility indexing model. Aust. Plan. 2007, 44, 30-37.

Hanafizadeh, M.R.; Saghaei, A.; Hanafizadeh, P. An index for cross-country analy-
sis of ICT infrastructure and access. Telecomm. Pol. 2009, 33, 385-405.
Gasparatos, A.; El-Haram, M.; Horner, M. The argument against a reductionist ap-
proach for assessing sustainability. In Proceedings of International Conference on
Whole Life Urban Sustainability and Its Assessment, Glasgow, UK, June 2007.
Hass, J.L.; Brunvoll, F.; Hoie, H. Overview of Sustainable Development Indicators
Used by National and International Agencies; Organisation for Economic Co-opera-
tion and Development (OECD): Paris, France, February 2002.

Towards a Local Sustainability Profile: European Common Indicators; Technical
Report for European Commission: Brussels, Belgium, 2001.

Munda, G. Multiple criteria decision analysis and sustainable development. In Mul-
tiple Criteria Decision Analysis: State of the Art Surveys; Figueira, J., Greco S.,
Ehrogott, M., Eds.; Springer: New York, NY, USA, 2005; pp. 953-986.
Schlossberg, M.; Zimmerman, A. Developing state-wide indices of environmental,
economic, and social sustainability: A look at Oregon and the Oregon Benchmarks.
Local Environ. 2003, 8, 641-660.

Frame, B.; Vale, R. Increasing uptake of low impact urban design and development:
The role of sustainability assessment systems. Local Environ. 2006, 11, 287-306.
Neuman, M. Infiltrating infrastructures: On the nature of networked infrastructure.
J. Urban Technol. 2006, 13, 3-31.

Gasparatos, A.; El-Haram, M.; Horner, M. The argument against a reductionist ap-
proach for measuring the progress towards sustainability. Account. Forum 2009, 33,
245-256.

Gasparatos, A.; El-Haram, M.; Horner, M. A critical review of reductionist ap-
proaches for measuring the progress towards sustainability. Environ. Impact Assess.
Rev. 2008, 28, 286-311.



EHAPTER 9 |

Quantifying the Total Cost

of Infrastructure to Enable
Environmentally Preferable Decisions:
The Case of Urban Roadway Design

CONRAD A. GOSSE AnD ANDRES F. CLARENS

9.1 INTRODUCTION

Ground transportation is responsible for nearly 30% of the primary en-
ergy consumption and 27% of the greenhouse gas (GHG) emissions in
the United States [1]. Related infrastructure also results in significant ma-
terial movement—every $1 million investment in roadway construction
requires 9 x 10* tonnes of aggregate and 3.3 x 103 tonnes of cement [2]. In
an effort to try to reduce these burdens, numerous life cycle assessments
(LCAs) have been performed over the past decade to understand how spe-
cific technological choices contribute to emissions, energy consumption,
and materials use. These studies have tended to focus on either the design
or the use phase of the road [3]. Design generally involves the selection
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of a material, e.g., concrete or asphalt, or specification of roadway width
and configuration [4]. Use entails a variety of other processes including
vehicle selection or roadway maintenance [5]. Even though these studies
have identified many obvious opportunities for environmental improve-
ment, there is little evidence to suggest that they have provided deep re-
ductions in material use or emissions.

A principal limitation of many published analyses is that they consider
technological options for ground transportation narrowly and evaluate
only specific elements of the design or use of roadways at once. An asphalt
road may have a lower life cycle emission profile than a concrete road, for
example, but that difference is small when compared to the overall emis-
sions from the use phase of the road [6]. Similarly, the conclusion that a
greater bicycle mode share will reduce the carbon emissions of a roadway
is not useful if it is not considered along with other factors discouraging
bicycle use and the impact of more bicycles on overall traffic flow. To date,
LCA has been employed as a method for environmental bean counting
that considers problems removed from the broader system within which
they exist. Consequently, even though LCA has been actively pursued in
academic circles, it has had only limited impact in policy circles.

At the same time that conventional LCA tools have been insufficient
for solving many of the existing problems faced by transportation manag-
ers, emergent challenges make the need for new tools even more pressing
[7]. Conventional development patterns have led to widespread conges-
tion in urban and suburban areas around the world. Shrinking maintenance
budgets at a time when facilities built in the post WWII boom period are
reaching their design life span are making it ever harder to maintain the
level of service that was envisioned for roadways during design. Declining
pavement quality is also exacerbating the emissions [8] and safety costs
associated with the use of these aging facilities, which only compound
the impacts of unchecked growth in vehicle kilometers of travel (VKT)
worldwide. Efforts to address these problems and provide meaningful im-
provements will require systems thinking that considers life cycle impacts,
personal choice, and policy realities.

In practice, ground transportation is constrained by a few overarch-
ing factors. The most obvious is budget. Road construction is expensive,
though less so than alternatives like public transport, because much of



Total Cost of Infrastructure to Enable Environmentally Preferable Decisions
179

the cost is borne by users in the form of vehicles and fuel. Roadways
are expensive to maintain, and so many exhibit condition ratings below
their design values. In many urban areas, space is also constrained and a
limiting factor in terms of enabling more mobility. Where space is avail-
able, additional road and parking facilities relieve congestion in the near
term but only further separate typical destinations, increasing trip lengths
over the long term [9]. The carbon emissions from ground transportation
are appreciable and growing as more and more developed nations move
toward car ownership levels on par with the United States. Paradoxically,
the convenience afforded by automobiles has contributed to significant
and consistent traffic-related delays in almost all of the worlds' urban cen-
ters. These delays translate into appreciable costs to the users of the trans-
portation systems [10], in addition to increased crash and health risks [11],
and overall environmental impacts.

Planning that tackles these challenges involves both near-term adap-
tive strategies and long-term improvement projects. Existing facilities,
including the functionally obsolete, have significant embodied emissions
and sunk costs that preclude their immediate replacement, even when suf-
ficient funds are available. This lag between identifying changing needs
and building new infrastructure results in increased total public costs with
respect to design projections. Interim adaptive strategies can be consid-
ered, however, to minimize the monetary, environmental, and safety im-
pacts of a sub-optimal design still in the middle of its useful life until it
is time to replace the facility [12]. Adapting existing facilities to new use
patterns and goals also provides a bridge between generational shifts in
infrastructure planning objectives.

In the case of transportation, planning has historically focused on mo-
bility, with the outcomes of ever-increasing VKT and sprawling develop-
ment patterns that discourage alternatives to the private automobile [13,
14]. In the near term, however, adapting existing facilities to maximize
mobility in light of an increased bicycle and transit mode share is an appro-
priate measure to maximize the value provided by these facilities. Adap-
tive strategies comply with existing system constraints and involve lower
cost measures to capture the remaining value of past infrastructure invest-
ments until such time as a major change consistent with a lower impact vi-
sion is warranted. Evaluation of these transitional actions is complicated,
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however, given the absence of any sort of steady state and the number of
analyses that must be integrated.

Most of the individual elements constraining ground transportation
systems have been studied in isolation, but few examples of integrated
multi-criterion analysis of roadway use have been published. Pavement
management systems (PMS) have been developed to help maintenance
managers maintain large systems of pavements under budget constraints
[15-18]. Separately, traffic engineers have developed microsimulation
tools of vehicle dynamics to understand the effect of different road con-
figurations [19-21] and work-zone traffic management [10]. Economic
analyses rely in part on the engineering analysis of road utilization and
make the connection between more infrastructure and induced economic
activity. The interests of pedestrians and bikers are also considered in the
context of safety [22—24] and congestion [25] but rarely in terms of pro-
viding viable alternatives to automobile transportation.

Efforts to identify significant reductions in the environmental burden
of transportation will need to consider these tools together to inform opti-
mal use of roadways under multiple constraints. Here we present a method
for combining these analyses with conventional LCA of roadways. We
consider the results in the context of adaptive roadway lane (re)configura-
tion, such as converting curb parking to bicycle facilities, that many cities,
including Washington, DC and New York City, are currently undertaking
in an effort to reduce congestion directly and indirectly by supporting al-
ternatives to automobile travel that make more efficient use of the public
right of way and incentivize reduced trip distances.

9.2 METHODS

A total cost minimization approach is proposed in order to identify prefer-
able lane configurations for two-lane urban roadways, given the physical
parameters of the site, available right of way width, and traffic volumes by
mode. A lane configuration is defined by the number and width (or pres-
ence) of parking, bicycle, and conventional travel lanes for each direction.
Costs include: annualized pavement maintenance, motor vehicle fuel costs
[26], and travel time at half the prevailing wage rate [27]. GHG emissions
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are also calculated. Computationally, the proposed framework is struc-
tured as a series of distinct codes.

Microsimulation of idealized roadway segments was carried out using
VISSIM 5.4 for all parameter combinations given in table 1 using com-
mon values in table 2. The first section of table 1 lists the parameters that
define a lane configuration. The remaining parameters in table 1, taken
together, will be referred to as the scenario. The key dynamic explored
in this work is the use of a single lane by motor vehicles and bicycles
simultaneously, and whether the former is able to safely pass the latter
within the lane. VISSIM is able to model lateral behavior within lanes,
in addition to more conventional vehicle following and lane changing be-
haviors, and so is able to consider this question. Peak and off peak traffic
volumes were simulated separately and combined using 12 h of each to
arrive at daily totals, which were then inflated to annual values. Additional
detail is provided in the supporting information (available at stacks.iop.
org/ERL/8/015028/mmedia).

A low and high bicycle mode share were explored, with 1% represent-
ing typical urban mode share in the US and 10% representing a target that
leading cities, such as Portland, OR, could achieve in the next decade with
sufficient investment. Total person trips are constant between the bicycle
volume scenarios, with the difference made up by automobiles with an
occupancy of 1.2. Figure 1 shows the relative sizes of vehicles and lanes
considered in this work. The design standard for lane width in the US is
3.6 m [28], however it is both permissible and likely that narrower lanes
are used in the width constrained urban corridors considered in this study,
so we assume a 3.4 m base case. Assuming a 1 m passing buffer, 1.75 m
wide automobile, and 0.5 m wide bicycle, an automobile is able to pass
a bicycle within the lane, however a 2.6 m wide transit bus is not. To
evaluate the benefit of alleviating this 'stuck’ condition, a wider lane is also
considered that allows buses to pass cyclists without either vehicle depart-
ing the lane. 'Dooring' accidents, crashes between bicycles and opening
automobile doors, may also justify additional buffer width between parked
cars and lanes used by bicycles, however the present work does not model
crashes, so this effect is not represented in the analysis. The impact of
these passing conditions is dependent upon the likelihood that buses will
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Table 1. Discrete segment parameter space. All unique combinations were evaluated
using microsimulation. The first group defines a lane configuration and the second

a scenario.

Travel lane width 34m,43m
Bicycle lane None, 1.22 m*
Parking lane None, 2.5

Characteristic length
between passing zones

50 m, 100 m, 200 m

Grade

0%, + 4%

Bicycle mode share

1%, 10%

*AASHTO guidelines call for a wider 1.52 m bicycle lane adjacent to curb parking
which are applied here as appropriate.

Table 2. Common parameters and descriptive values for all simulated configurations.

Total width 6.8-16.6 m
Motorized speed 16.7ms™!
Bicycle speed Varies by grade
Car occupancy 1.2
Bus occupancy 20
Bicycle occupancy 1.0

Potential curb parking

6.1 m spaces covering 80% of seg-

ment length

encounter a bicycle and become stuck behind it, thereby delaying them-
selves and following motor vehicles.

Realistic urban corridors vary in width, so it is overly conservative to
assume that a given lane width will restrict passing movements indefi-
nitely. Here, we adopt the concept of a characteristic length between pass-
ing zones, as given in table 1 to determine the likelihood that a bicycle and
bus will be present and the delay expected to result from the encounter.
VISSIM simulates these interactions directly. Since Poisson vehicle ar-
rivals are assumed, however, in order to make the results as general as
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Figure 1. A reference multi-modal street section and the relative widths of vehicles
and lanes.

possible, a probabilistic analysis can be carried out to compute expected
delay. This analysis is presented in the supporting information (available at
stacks.iop.org/ERL/8/015028/mmedia) and agrees with the results of the
microsimulation. Motor vehicle speeds were assumed constant for each
lane width given the considerable variation that exists in the literature on
the effect of lane width of motorist speed choice [22, 29, 28], however, this
behavior could be readily altered in the microsimulation parameters where
local data is available. Bicycle speeds for each grade were computed ac-
cording to first principles formulas [30].

Vehicle fuel use and emissions are affected by pavement roughness
though not consistently between various operational regimes [31-33]
due to the varying contribution of rolling resistance to required power.
A power-based vehicle emissions model, CMEM [34], was used to post-
process the microsimulation vehicle data at 1 Hz and two roughnesses us-
ing a lookup table computed at a reference international roughness index
(IRT) of 1.0 m km™, and for a rough case with an IRIT of 4.0 m km™! by
inflating vehicle rolling resistance after Karlsson et al [33]. Only automo-
bile emissions were affected due to the inconclusive results of that study
for heavy vehicles. Final emissions and fuel consumption were computed
by the pavement management module through linear interpolation of the
two roughness cases.

Pavement management activity and emissions were computed
based on the previous work of the authors [35] with additional dynamic
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pavement loading due to roughness [36]. Explicit treatment of heavy
vehicles is important in the comprehensive analysis of a roadway given
their disproportionate impact [37]. Pavement maintenance plans were
computed for both directions of travel lanes, bicycle lanes, and park-
ing lanes independently using aggregated annual vehicle volumes and
emissions from the appropriate microsimulation trials. A network Pareto
front for all the lanes was then computed, with a representative example
given in figure 2. For this analysis, the non-dominated plan with the min-
imum total GHG emissions, subject to agency constraints, was selected.
Further detail on this method, and the larger issues of discounting and
temporal variation, can be found in the supporting information (avail-
able at stacks.iop.org/ERL/8/015028/mmedia).

In combining the separate models of pavement management, vehicle
microsimulation, and vehicle emissions computation, a hierarchy exists
according to the sensitivity of one to another. Pavement roughness in-
fluences vehicle fuel use and emissions as well as dynamic pavement
loading. Loading affects pavement durability, and maintenance invest-
ment determines the resulting pavement condition. Vehicle behavior is
assumed to be insensitive to pavement condition within the specified
limits, however, which makes travel time cost insensitive to changes in
fuel and agency costs. Critically, this means that the PMS optimization
can be performed after microsimulation. Otherwise, the task would be
computationally intractable with existing microsimulation tools, since
a microsimulation would have to be run at each iteration of the PMS
genetic algorithm.

A Pareto front of lane configurations can be identified for each sce-
nario that is non-dominated with respect to total costs and width. Lane
configurations that include curb parking will naturally not appear in this
set since they incur pavement maintenance costs but provide no coun-
terbalancing benefit as computed. A spatial opportunity cost of curb
parking can be computed, however, by computing the cost differential
between configurations with parking and a point interpolated on the Pa-
reto cost curve at the same total width. This opportunity cost allows
decision makers to quantify the potential mobility value of public right
of way allocated to parking.
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from non-dominated pavement management plans. The triangle data point indicates
the selected plan by minimum GHG.
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9.3 RESULTS

The effect of bicycle mode share on average travel time for a particular
segment can be significant for specific conditions as shown by the results
in figure 3. Differentiation between the cases occurs when heavy (wide)
vehicles, such as transit buses encounter a bicycle and have insufficient
room to safely pass resulting in significant delays for themselves and the
motor vehicles behind them. In these graphs, individual data points repre-
sent microsimulations of specific cases and are plotted with random jitter
on the length axis for legibility. As with other results presented here, they
are normalized to a kilometer of travel. The trend lines are second order
polynomials used to illustrate the relationships of interest. The effect of
grade, and whether or not vehicles are traveling uphill or down, have im-
portant effects on the results presented in figure 3. The data are grouped
based on whether or not buses are stuck behind bikers in the different con-
figurations. For the level ground segment, the results are equivalent. For
the inclined segment, the uphill travel time is always considerably higher
than downhill travel time if trucks get stuck behind buses. The impact of
the stuck condition is proportional to the relative speed difference between
bicycles and motor vehicles, which comes from roadway grade, and the
likelihood of a heavy vehicle encountering a bicycle within the character-
istic distance between passing zones. This is determined by modal vol-
umes and headway distribution.

For lane widths more narrow than those considered here, all motor
vehicles with more than two wheels would be unable to pass bicycles
within their lane, with the result that the expected speed of all traffic
would approach that of bicycles as characteristic length and bicycle vol-
ume increased. These cases are not presented in order to focus on the more
typical but less intuitive stuck condition, and because very narrow lanes
are likely to have an effect on driver speed decisions according to the
particular characteristics of the site, such as sight distance, land use, num-
ber of driveways, and other factors. This is not to say, however, that the
framework presented here is not suitable for 3.1 m lane widths, only that
the results would not be transferable to other situations. For wider lane
widths, the differentiation observed here disappears as heavy vehicles are
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Figure 3. Simulated motorized travel time illustrates the delay caused when heavy
vehicles are unable to pass bicycles.

able to pass bicycles. All four stuck groups include multiple lane con-
figurations which reveal more subtle differences in annual costs with re-
spect to width (distance between curbs) when considered individually. In
figure 4, this relationship is seen as a distinct Pareto optimal frontier for
each characteristic length between passing zones, grade, and bicycle mode
share considered, with non-dominated lane configurations shown in bold.
The influence of the stuck condition can be seen in the abrupt transition in
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the Pareto curve around 8.6 m, or the minimum width of a configuration
not stuck in both directions. The initial drop between the first two non-
dominated points is larger for the 4% case, as compared to level ground,
since alleviating the stuck condition on the uphill segment is considerably
more important than in the downbhill direction given the dramatic differ-
ence in expected bicycle speeds.

For the urban situations considered in this work, both travel time and
fuel use are positively correlated with vehicle delay. These costs are also
considerably larger than agency expenditures for non-dominated pave-
ment maintenance plans, which can be seen in figure 2. This relationship
supports the decision to select the PMS plan with the minimum total GHG
emissions (higher agency cost), since a comparatively small agency in-
vestment provides a larger reduction in user costs. It follows that mini-
mizing total costs also minimizes GHG emissions since total costs are
dominated by time and fuel and are sensitive only to delay once pavement
condition has been established. This is encouraging since typical planning
processes do not explicitly quantify GHG emissions.

Figure 4 presents the Pareto front with respect to total costs and then
using delay rather than total travel time costs. Neither approach is strictly
more accurate, however since bicycle travel is generally more time con-
suming over the same roadway segment, increasing bicycle mode share
tends to dramatically increase time costs. Using the time cost of delay
only, assumes that travelers had already accounted for this cost externally,
which is not unreasonable, and is typical in traffic analysis. Under this as-
sumption, figure 4 reveals a tipping point where increased bicycle mode
share lowers total costs, given sufficient roadway width. For cases where
significant increases in bike ridership are not paired with enhanced facili-
ties like wider roads, this will increase travel time for all users.

Parking is not valued in the total cost reported in figure 4. As a result,
lane configurations with parking bays incur pavement maintenance costs
without corresponding negative costs from parking's value as a service,
rendering these configurations sub-optimal. This also explains why costs
reach their minimum in figure 4 approximately 5 m before the maximum
width since that is the width occupied by two 2.5 m parking bays. Curb
parking does have a site-specific value both in terms of vehicular acces-
sibility and in the broader economic sense by supporting value capture
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along the street through increased business patronage. Because the mag-
nitude of this value capture is so site-specific, figure 5 presents a spatial
opportunity cost of curb parking as the difference between the total cost
of a lane configuration that includes parking and a linear interpolation of
the Pareto front at the same width. Visually, this is the vertical distance
between the lighter data points in figure 4 and the Pareto front, normalized
to a daily value per parking space. The narrowest lane configuration that
can include parking is 9.3 m wide, so opportunity cost is reported from this
value up to the maximum configuration width.

A spatial opportunity cost of parking is shown in figure 5 for the in-
clined case with a 100 m characteristic distance between segments. The
likelihood of buses' getting stuck behind a bicycle is related to characteris-
tic length, so other scenarios look similar to this plot but shifted in magni-
tude accordingly by length. Level ground also exhibits consistent behavior,
albeit with a different curve shape that can be inferred from figure 4. Since
the maximum hourly volumes considered in this study are below satura-
tion levels, delay comes almost entirely from the bicycle/motor vehicle
interactions. Therefore, it is not surprising that parking opportunity costs
are highly sensitive to the percentage of bicycles in the traffic stream. For
a given width, parking and bicycle infrastructure essentially compete for
the same space which results in large opportunity costs for parking in nar-
row configurations, as might be seen in a traditional urban neighborhood
of places like New York City and Washington, DC. These larger values are
also well in excess of typical parking meter returns, which is consistent
with the pervasive subsidization of automobile parking in the US [38].
These values must also be considered conservative since they do not in-
clude any opportunity costs for land in the pedestrian zone on either side
of the roadway proper that could be put to other uses, such as pedestrian
mobility or restaurant seating.

9.4 SENSITIVITY AND ADDITIONAL CONSIDERATIONS

To develop a more complete understanding of how urban roadway design
can be informed by a model like this, it is useful to consider both those
factors that had little impact on the results and those factors that were not
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Figure 5. Spatial opportunity cost for curb parking, shown here for 100 m characteristic
length and 4% grade, increases dramatically for narrower roads suggesting that when

all the costs are considered, there is a tipping point beyond which curb parking
becomes an expensive use of land.

included in the analysis for one reason or another. Pavement roughness
and its effects on fuel consumption are considered here even though in
the context of urban driving, roughness is far less important than accelera-
tion cycles in determining fuel efficiency. However, since travel time is
independent of roughness, pavement management costs for a given con-
figuration are optimized against marginal vehicle fuel consumption which
is on the same order of magnitude. Additionally, the fiscal reality of the
pavement manager may be such that maintaining serviceable pavement is
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a constant struggle, and so minimization of agency costs may replace min-
imization of GHG emissions in selecting the best plan. The impact pave-
ment condition has on a given commuter's likelihood to select the bicycle
or automobile mode is difficult to quantify, but also more significant to the
ultimate makeup of the Pareto set of lane configurations by determining
relative volumes between the modes as can be seen in figures 4 and 5.

Similarly, only select measures of the health and safety factors as-
sociated with modal shift are captured by this model since many of these
are difficult to quantify with confidence even though they are often cited
as an important driver and/or obstacle in mode shift toward more ac-
tive forms of transportation [39]. Crashes, though not considered in this
work, are an important factor in selecting bicycle transport and even
though AASHTO guidelines dictate an additional 0.3 m of width for bi-
cycle lanes adjacent to curb parking, that width remains insufficient to
prevent dooring crashes between bicycles and parked cars [40, 41]. The
cost of curbside parking goes up fractionally for this additional 0.3 m of
pavement to address the risk of dooring to bikers, however the actuarial
cost of a potential fatality is on the same order of magnitude as total an-
nual travel cost per kilometer in this study. Crashes are difficult to model
generally, and difficult to even estimate based on past reports involving
bicycles due to pervasive under-reporting of non-fatal encounters. Never
the less, the potential health and safety costs are potentially large enough
to influence the results presented here.

Another limitation of the model is that it does not consider roadway
segments within the larger roadway network. In many urban areas, vehicle
arrival is not Poisson distributed but rather appears as a decaying platoon
progressing between controlled intersections. In addition, driveways play
an important roll in platoon migration and overall capacity in urban set-
tings. Finally, buses stop periodically for passengers and this presents an
opportunity for the traffic to clear and the biker and bus to separate. These
factors were not considered here in order to make the analysis as general
as possible but could be readily incorporated into the microsimulation for
a specific site. Many of these factors would need to be included in a similar
model to derive site-specific estimates for the opportunity cost of parking
even though we expect that the general trends discussed here would hold
for most urban roadways.
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9.5 IMPLICATIONS

A major challenge for urban areas around the world is to improve livability,
which is often achieved by reducing reliance on automobile transport [42,
43]. A shift away from the automobile also results in significant reductions
in energy use and GHG emissions, both of which are increasingly relevant
policy objectives. For countries with a legacy of automobility-dominated
planning and policy decisions, such as the US, these goals are especially
daunting. Reducing VKT through more compact development and alter-
native transportation modes is a long-term objective, but previous studies
have observed that many of our projected future emissions are 'locked in'
by virtue of the inefficient nature of our existing infrastructure stock and
the relatively slow rate at which this is replaced [44]. Short-term strategies
are needed to achieve some of these gains without major changes to our
existing infrastructure. Improving bicycle facilities is one such change that
could encourage higher mode share without significant investment. In cit-
ies like Washington, DC and New York City, where many of the trips are
short and well suited to bicycle transport, efforts have been underway for
several years to provide such facilities. Consequently, bike mode share is
increasing significantly [45], but the ridership rates in these US cities are
still an order of magnitude lower than in many European cities [46]. Ad-
ditionally, these changes are not without controversy in light of their direct
costs and use of limited space [47].

Tools like the one developed here can be used to help resolve the appar-
ent conflicts that could inhibit progress toward more environmentally sus-
tainable infrastructure. We find that increasing bicycle mode share can have
a significant impact on motor vehicle delay, and indeed greatly increase total
costs where sufficient right of way is not provided. Conversely, with suffi-
cient space to allow wide vehicles to pass bicycles, a reduction in total costs
for all users is obtained through an increased bicycle mode share. Parking,
specifically curb parking, emerges as space that is potentially most eligible
for reallocation to bicycles in width constrained urban corridors because of
its ideal position and the relatively minimal expense of lane reconfiguration.
The spatial opportunity cost of parking quantifies this tradeoff and exhibits
sharp transitions between realistic monetary amounts for wider streets and
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unfeasibly high expected returns for more narrow areas. These results pro-
vide a clear guide to traffic engineers and urban policy makers with respect
to optimal allocation of limited pavement.

Even though life cycle assessment and other tools are useful for begin-
ning to understand pieces of this problem, a systems-based approach like
the one proposed here is needed to directly support policy decisions. By
considering infrastructure systems in an integrated, yet quantitative man-
ner using existing modeling frameworks, short-term low cost opportunities
emerge for efficiency improvements that would not be obvious using other
tools alone. The general framework proposed here could be applied in a
variety of infrastructure contexts. For example, the green building indus-
try standard, leadership in energy and environmental design (LEED), has
already recognized that buildings cannot be analyzed outside of the larger
infrastructure context within which they exist and is making changes to
consider the community within which the building exists [48]. Other types
of infrastructure have been less studied and offer hereto untapped effi-
ciency improvements. Water treatment and distribution, freight transport,
the electrical grid, and wireless communications, and others could all ben-
efit from considering engineering performance criteria, agency and user
cost, and human factors together for informing improved policy.
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CHAPTER 10

Discussion on Sustainable Water
Technologies for Peri-Urban Areas of
Mexico City: Balancing Urbanization
and Environmental Conservation

TIEMEN A. NANNINGA, IEMKE BISSCHOPS, EDUARDO LOPEZ,
JOSE LUIS MARTINEZ-RUIZ, DANIEL MURILLO, LAURA ESSL,
AND MARKUS STARKL

10.1 INTRODUCTION

In urban and densely populated areas, centralized solutions for water man-
agement are usually favored over small scale solutions based on principles
of economy of scale and economy of density [1,2,3]. In this traditional ap-
proach, water, wastewater and solid waste are often transported over large
distances. These centralized water supply, sanitation and solid waste solu-
tions often struggle to keep up with rapid expansion of large cities in the
South, such as Mexico City, not only due to unregulated and uncontrolled
urbanization, but also due to high construction costs [4]. Indeed, it is in
these peri-urban areas that there is a trend towards providing water supply,
sanitation and solid waste management technologies on a decentralized,

© 2012 by the Authors. Discussion on Sustainable Water Technologies for Peri-Urban Areas of
Mexico City: Balancing Urbanization and Environmental Conservation. Water 2012, 4(3), 739-758;
doi:10.3390/w4030739. Creative Commons Attribution License.
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on-site scale [4,5,6,7,8]. However, stakeholders may prefer centralized so-
lutions because of the convenience of a centralized system.

The introduction of decentralized technologies allows for the develop-
ment of new opportunities that enable the recovery and reuse of resources
in the form of water, nutrients and energy. This resource-oriented manage-
ment of water, nutrients and energy requires a sustainable system aimed at
low resource use and high recovery and reuse rates.

Instead of designing each sector separately, which has been tradition-
ally done, this article proposes and discusses a concept that combines the
in- and outflows of the different sectors, reusing water and other liber-
ated resources where possible, which is illustrated in Figure 1. “Joints”
for possible integration of these sectors are: water reuse, nutrient recy-
cling and energy recovery. In the decentralized concept all wastewater
in a region is seen as a separate water, nutrient and energy source, and
is evaluated for its suitability as a water source for a specific use, such
as agriculture, non-potable domestic purposes or forest irrigation. With
letting the final users determine the quantitative and qualitative water re-
quirements needed for a specific purpose such as agriculture, industry or
(non-potable) household activities, the user or purpose of the wastewater
determines the quality to which the wastewater is improved, which is the
opposite of the conventional water chain where governmental legislation
or permits dictate the treatment level. This reverse water chain [9,10,11],
results in a new and novel view of waste and wastewater treatment and
water sourcing where legislation should allow for tailor-made solutions.
This may also reduce costs as not all waste and wastewater need to be
treated up to high standards, since a part can also be used for purposes
only requiring lower standards.

This paper shows and demonstrates examples of different types of sus-
tainable water technologies that can be implemented in the peri-urban ar-
eas of Mexico City. An innovative participatory planning method using a
scenario building methodology at project level was applied. This method
has allowed for a meaningful and intensive involvement of a variety of key
stakeholders in the planning process. It also helped to identify the oppor-
tunities and limitations of resource oriented water technologies within an
urban planning context highlighting the conflict between environmental
conservation and urbanization.
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Figure 1. (a) Traditional way of thinking about wastewater treatment; and (b) resource
oriented way of thinking on a regional scale. WWTP1 and WWTP2 can constitute
completely different technologies (WWTP = Wastewater Treatment Plant).

10.2 CASE STUDY

The case study is located in Xochimilco, one of the 16 boroughs (delega-
ciones) in Mexico City. The entire delegacion Xochimilco has an area of
approximately 12.5 x 107 m?[12,13], of which 2.5 x 107 m? are urbanized.
The peri-urban areas (which can be legal or illegally urbanized) cover the
additional 3.0 x 107 m?, and serve for this study (Figure 2). These peri-
urban areas have a mixed topography with plain (1.26 x 107 m?) as well
as mountainous areas (1.74 x 107 m?). Xochimilco has a high biologi-
cal and cultural value due to the wetlands and chinampas. Chinampas are
rectangular land plots (usually 10 by 100 meters) surrounded by narrow
canals used for irrigation, fishing, transportation and as a water source.
The construction of chinampas dates from pre-colonial times and they are
used for agricultural purposes [12,13,14,15]. In general, they are consid-
ered to be biologically very diverse and agriculturally very high produc-
tive areas [12,16,17]. Farmers cultivating crops on a chinampa are called
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Figure 2. Case study area of Mexico City, consisting of the peri-urban zones of
Xochimilco.

chinamperos. It was listed as a World Heritage site in 1986 and as a wet-
land of international importance in 2004 [12,18].

The trends of the past four decades confirm a dual-pressure process
in Xochimilco, referring to progressive shortages of water and expansion
of other land uses. Natural systems (water interactions, soil, vegetation,
fauna) are under pressure by the urbanization. In recent years, water has
been injected into the aquifer and is used as the main water supply source
to retard groundwater depletion of Mexico City. The effluent of a waste-
water treatment plant, Cerro de la Estrella, is discharged to the surface
water bodies of Xochimilco to ensure that water remains [12]; if this is not
done, the surface water bodies will dry as the natural springs have been
depleted [19]. Nevertheless, there are no signs that the drying effect on
both groundwater and surface water can be countered, not to mention the
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environmental pollution that takes place due to the discharge of untreated
wastewater by households living near or on the chinampas. If this trend
continues, the expected scenario for the area is that there will be a large
water deficit in the next century [20]. The peri-urban zone has been ex-
periencing problems with services for water, wastewater and solid waste
management. This situation will be aggravated due to the unregulated ur-
banization, definitely.

10.3 METHODOLOGY

10.3.1 PARTICIPATORY PLANNING

Participatory planning is considered an important aspect for achieving
sustainable water services, e.g., [21,22,23]. In this project an innovative
approach using scenario building methodology was applied. From the
wide range of available methods for scenario building, in this project we
were in particular interested in those which allow the users to participate
in shaping the development of their region. An example for such a method
is the Future Workshop (FW) method. This method allows participants to
become involved in creating their preferred future. A “classic” FW, ac-
cording to Jungk and Miiller [24], consists of five phases:

(1) The preparation phase;

(2) The critique phase;

(3) The fantasy phase;

(4) The implementation phase;
(5) The follow-up phase.

In this study, the scenario workshops conducted under this study en-
compassed the first three phases, but can be adapted to the local needs and
situation as follows:

(1) Presentation of the overall study;
(2) Presentation of urban problems in the case study area;
(3) Presentation of trend analysis study;
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(4) Participants wrote what they like and what they do not like about
the current situation on cards;

(5) Elaboration of vision “Xochimilco 2030 in three mixed working
groups;

(6) Presentation of visions.

The scenario workshop aimed at the identification of different options
for future regional development. Building on the outcomes of the scenario
workshops, a workshop for participatory planning was conducted. This
workshop focused more on the technical aspects with respect to water,
wastewater and solid waste management. [t encompassed two main phases:
the existing environmental problems in the area were discussed; and the
participants identified possible solutions and highlighted the main con-
flicts and barriers that need to be overcome to implement those solutions.

10.3.2 DEVELOPMENT OF CONCEPT SCENARIOS

The results of the scenario building and the participatory planning were
combined and then different concept scenarios were developed. A con-
cept scenario encompassed a coherent set of water technologies that are
suitable for a different future development scenario (e.g., urbanization or
conservation). The concept scenarios were then furnished with a set of
suitable technologies.

10.3.3 TECHNICAL FEASIBILITY STUDY

Next, a feasibility was conducted which aimed at demonstrating the techni-
cal feasibility of the identified technologies for each concept scenario. As a
detailed feasibility study for the entire case study area was beyond the scope
of this study, a smaller area was considered much better to suit for “testing”
the concepts and its technologies. For the selection, some criteria includ-
ing infrastructure, urbanization, remoteness and socio-economic conditions
were applied to ensure the selection is representative for most peri-urban
area in Xochimilco. This included one small area in the lowland chinampa
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area (La Conchita) and another in the mountainous areas (San Martin). The
detailed feasibility study was then conducted for each concept scenario in
the selected smaller areas. The following tasks were conducted:
1. A detailed survey of the existing infrastructure in the case study
area and a household level survey in the selected smaller areas.
2. A detailed technical feasibility study, which included technical de-
sign and drawings of the set of technologies within each concept
scenario, thus demonstrating their technical feasibility.

10.3.4 RESOURCES FLOW ANALYSIS

The flows of the different resources were analyzed qualitatively and
mapped out for each concept scenario. The resources analyzed were water,
Nitrogen (N), Phosphorus (P), organic matter (OM) and energy. Then for
selected technologies calculations were performed to quantify the flows.
The input data used for these calculations are shown in the Table 1, Table
2 and Table 3 below:

The analysis and calculations not only show how (local) finite re-
sources such as water, P and energy are recovered from waste (water), but
also how they can be reused. N and OM give a clear indication of how
pollution of surface water bodies can be lessened and, with P, how valu-
able nutrients can be recovered and reused. The analysis of the resources
was grouped in water, nutrients and energy, and focused on the import and
export resources as well as the generation, recovery and usage of resources
within the small case study areas.

10.4 RESULTS

10.4.1 RESULTS—PARTICIPATORY PLANNING

With the past and current systems in Xochimilco, natural resources have
been using wastefully, continuously. The case of Xochimilco is critical for
the future of whole Mexico City as it serves as a strategic water reserve
for the city and for aquifer recharge. As shown in the introduction there
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Table 1. Amounts and composition of urine and feces [25].

Waste stream Amount N (g/L) P(g/L) K (g/L)
Urine 1.21/pd 3 0.8 1.3
Feces 150 g/p.d 2 0.6 0.6

Table 2. Amount of organic solid waste and general characteristics of compost
(26,27,28].

Waste stream Amount Density N (g/L) P (g/L) OM (g/L)
Organic solid waste pro- 650 g/p.d - n/a n/a n/a
duced in Xochimilco
Compost - 450 kg/m? 3.2 0.6 120*

* Calculated from [27,28].

Table 3. Precipitation data (mm) for San Gregorio Atlapulco weather station,
Xochimilco [29].

Precipitation | Jan. | Feb. | Mar. | Apr. | May | Jun. Jul. Aug. | Sep. | Oct. | Nov. | Dec.

Monthly 134 14 | 11.7 | 30.7 | 78.6 | 147.9 | 172.2 | 148.7 | 111.4 | 642 | 7.8 6.6
sum*

Daily 32.0 1203 | 17.8 | 239 |36.8| 468 49 634 | 36.5 | 42.0 | 17.5 | 145
maximum

* Monthly sum are according to climatological normals (1971-2000) and daily
maximum are observed.

is a strong conflict between urbanization of Xochimilco and environmen-
tal conservation, a scenario workshop was conducted regarding this back-
ground. The participants were from different stakeholder groups including
chinamperos, local government representatives, NGOs and academics. The
visions of the participants were similar, but could not be summarized in one
single concept. Conservation of identity, which was very often mentioned
during the workshop, can be partly reached by preserving water resources as
they are very important part of the local culture of the chinamperos. Econ-
omy, society and the environment should be the vertices of a triangle, and




Balancing Urbanization and Environmental Conservation 209

have equal value. In the center of that figure may be awareness, culture and
education. They could be starting points for technologies that consider also
the tradition of the area and constitute an identity and culture focusing on
social justice and a balanced environment applying criteria of sustainabil-
ity. The engine of these processes should be presence of and pressure from
citizens: promoting the creation of new spaces and forms of citizenship or
re-elaborate some of the dynamics forms of identity and space. Community-
based initiatives can be more effective than public policies supported by
governmental institutions, unable to sustain over several administrations.

A synthesis of the visions has shown two possible development sce-
narios (a development scenario is a vision of the users and stakeholders
that participated in the Future Workshop on the future development of
the area):

1. Conservation of local identity: as this aspect was mentioned very
often during the workshop, a scenario which strengthens the local
community was developed. It envisages local solutions and some
level of engagement with the city government where inhabitants
of Xochimilco are involved and participating in decision making
processes concerning resource management. Water protection is a
crucial component as water is highly connected to the local iden-
tity and the traditional form of cultivation in chinampas.

2. Economic development: This scenario builds on economic develop-
ment. Originally the focus was on touristic development; however,
a later refinement to the case study areas has put emphasis on agri-
cultural development. Although the productivity of the chinampas
is generally high [12], not all are used for agricultural purposes. In-
stead, some parts are fallow and others are used for urbanization.
By protecting the chinampas from urbanization and promoting ag-
ricultural activities through capacity building and for instance new
high-value crops income can increase. In addition, Xochimilco has
a touristic area that could be promoted and improved. Prerequisites
are a functioning water supply and sewage net, a solid waste man-
agement system and the protection of biodiversity and the natural
environment that makes the area for tourists an attractive, clean des-
tination. Local products could be certified and sold in supermarkets
in Mexico City to generate higher income.
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Then, a planning workshop that focused on the technical aspects re-
lated to water, wastewater and solid waste management was conducted.
During the workshop participants defined various problems related to the
water supply, wastewater, agriculture and solid waste for peri-urban areas
in Xochimilco that they experience or perceive.

Participants acknowledge the water supply problems, including deple-
tion of the aquifer and poor water supply services. In addition, they also
indicate that the water quality, both of the environmental water as well
as the domestic water, is poor, which induces several health problems.
The participants perceive the discharge of poorly or un-treated wastewater
to the canals, streets and environment as the main problem. This results
in water pollution, loss of biodiversity and health problems. The perfor-
mance of the wastewater treatment plants is perceived as being poor, both
in terms of quantity and quality. The main agricultural problems are re-
lated to a lack of knowledge of farmers and the loss of agricultural land
and indigenous agricultural practices such as the chinampas. The absence
of solid waste classification, collection and recycling is perceived as a
problem, which is mainly related to the lack of awareness about the possi-
bilities for separating and recycling solid waste. Participants have formu-
lated possible technical solutions to the above mentioned problems. They
proposed to introduce alternative technologies for water supply, such as
rainwater harvesting and groundwater recharge systems. Filters for grey
water and the installation of dry toilets could improve the situation con-
cerning untreated wastewater discharge. For solid waste management, the
initiation of a waste separation program was proposed by the participants.

10.4.2 RESULTS—CONCEPT SCENARIOS

Each concept scenario is related to one of the possible development sce-
narios and encompasses a set of technologies that is suitable for the de-
velopment scenario. In addition, a new concept scenario has been created
that is related to increased urbanization. Even if that was not preferred by
the participants of the scenario workshop it is a very realistic scenario as
a recent trend analysis based on GIS data has shown (see Figure 3). The
identified three concept scenarios are summarized in Table 4.
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Table 4. Key objectives and characteristics of the three concept scenarios.

Scenario Key objectives Characteristics of technologies
under this scenario
1. Local identity The goal of this scenario In this concept scenario individual

is the conservation of local technical solution are preferred
identity which is related to over centralized ones to become
the cultivation of chinampas more independent from Mexico

and the prevention of external City.

influences.

2. Economic develop- The goal of this scenario is In this scenario there is a strong
ment economic development with a | emphasis on sanitation systems

strong focus on agriculture.In | that allow the reuse of nutrients
the mountainous areas where | and the water in the chinampas or
no agriculture is practiced, | in some other areas to improve the
there is a focus on community | agricultural production.In the hilly
development. area, community technologies are

the main feature of this scenario.

3. Centralization The main goal is a strong All infrastructure services are
connection to the develop- centralized as much as possible.
ment of Mexico City and
integration into the planned
urbanization.

Table 5. Examples for technologies with a focus on reuse and recycling.

Resource Proposed treatment technology
Water Rain Water Harvesting;
Constructed wetlands;

Compact treatment plants (e.g., Biostar);

(Biological) filters to treat grey wastewater or canal water prior to use.

Energy Anaerobic digestion of organic waste
Nutrients EcoSan systems;
Composting;
Vermicomposting.

The proposed technologies for concept scenarios 1 and 2 have a strong
focus on the reuse and recycling of water, nutrients and energy. Table 5
shows examples for technologies that allow a recovery of nutrients, energy
and reuse of water.
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10.4.3 RESULTS—TECHNICAL FEASIBILITY STUDY

10.4.3.1 WATER SUPPLY

Currently, as rainwater is the only water source not yet exploited in Xo-
chimilco, special attention was paid to the technologies focused on this.
The harvesting, storage and treatment (UV treatment, chlorination) of
rainwater to supply water for households during the raining season, in
combination with gabion dams that are constructed at strategic loca-
tions and thereby facilitate the infiltration of collected surface runoff,
are two technologies that make optimal local use of the rainwater. The
use of rainwater in the households lessens the demand for water from
other sources (i.e., the aquifer, surface water bodies) during a certain
time of the year, and the infiltration of the remaining rainwater enables
the replenishment of the aquifer and hence storage of the water for times
when the water demand is higher than the available precipitation. The
use of treated wastewater for non-potable domestic and agricultural pur-
poses also lessens the demand for potable water. In general little pol-
luted wastewaters, such as grey wastewater, can be treated by decen-
tralized wastewater treatment systems before reuse without posing any
environmental or health risks. Water from canals can also be used for
specific non-potable domestic purposes such as cleaning or watering of
ornamental plants. The canal water in Xochimilco is too polluted to be
used directly for domestic purposes, but can be treated by for instance
a constructed wetland or small water filter depending on its quality and
the proposed use. Because the main precipitation in Xochimilco falls
in six months (May till October), the existing centralized water supply
system is expected to remain a very important source for drinking water.
The conventional water supply system uses groundwater as its source,
which indicates the importance of groundwater replenishment technolo-
gies. The rehabilitation and expansion of the water supply system by, for
instance, legalizing the illegal connections to the water supply lines and
ensuring that the existing (illegal) water pipes are properly constructed
and maintained and that taps are not left to run unattended, hence remains
an important action. The following example shows how the demand for
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water from the centralized water supply system can be lessened through
the implementation of on-site rainwater harvesting technologies with
UV-treatment prior to use or consumption.

10.4.3.1.1 DESCRIPTION OF CURRENT SITUATION

Although workshop participants have, amongst others, proposed the
use of rainwater harvesting technologies (RWH) (see Section 4.1 and
Table 5), at the moment these are not applied in the case study area.
This can be attributed to the lack of capacity needed to construct and
operate such a system, unwillingness to implement a new technology
and/or the poor state of several houses. Houses in the peri-urban areas
are built with a variety of materials, including cement, ceramic tiles
and corrugated iron sheets, asbestos sheets, cardboard and wood. In
general, inhabitants of the peri-urban areas do not pre-treat their water
before consuming unless boiling. The application of tUVo’s (a UV-
treatment technology developed in México) and chlorination of water
prior to use is currently not common.

10.4.3.1.2 POTENTIAL APPLICATION IN CASE STUDY AREA

The harvesting, storage and utilization of rainwater at domestic level is an
alternative to avoid the overexploitation of the underground aquifers and
the surface water sources in the peri-urban areas of the México City. This
will be possible in the raining season and part of the dry season (Decem-
ber). The average annual precipitation in Mexico City is 807 mm [29],
with the majority falling in June till October. The collected rainwater will
be stored in storage tanks before use. The capacity of these storage tanks
will depend on the water demand as well as if there are also connections
to the centralized water supply system. As the average weekly household
water demand is 0.8 m? (with each household consisting of 4 individuals
and based on households with flush toilets as well as pit latrines) a total
water amount of 3.5 m® is needed per month. In general, the roof surfaces
of houses in the peri-urban areas of Xochimilco are estimated to be around
36 m? [31]. Assuming a 70% collection efficiency (losses and diversion
of the first flush) 4.3 m® of rainwater can be harvested in the month with
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the highest monthly precipitation (July; 172 mm) and 0.2 m® in the month
with the lowest precipitation (December; 7 mm). The highest monthly RW
supply is almost equal to the monthly water demand, which means that
the storage tank can be kept small as water will be used the same month it
is collected. The highest daily maximum precipitation is around 63 mm,
yielding a collected amount of 1.6 m’. By installing a storage tank with
the minimum 1.5 m? for each household, it is ensured that all collectable
rainwater can be utilized optimally.

The installation of RWH technologies can result in the improvement
of the living conditions of the inhabitants due to the improved roofs and
supporting structures indirectly, and water saving directly. This will also
affect the environment indirectly, as less water will be extracted from the
aquifer or canals.

The installation of on-site RWH technologies will require the adapta-
tion or improvement of houses. The main adaptations required will be new
roofs and supporting structures if these are not suitable for rain water har-
vesting. In addition, gutters, transportation pipes and a storage tank will
need to be installed. Installing the storage tank on a structure (but below
the level of the roof) the water can be collected with pales or transported
into the house with a pipeline. The water can be treated in the house with
filtration, and/or a UV-light (a tUVo, requiring energy) or chlorination.

10.4.3.2 WASTEWATER TREATMENT

The use of EcoSan toilets could improve the sanitation conditions of the
households and do not require water, as is the case with flush toilets, thereby
lessening the overall household water demand. This is an advantage due to
the current aquifer depletion taking place. Lastly, the advantage of EcoSan
is that the feces and urine can be co-composted with other organic wastes
or the effluents can be applied directly on the fields (chinampas or green-
houses), thereby containing resources in the area. Discharged wastewater
that is not very polluted, such as grey wastewater, can be treated by con-
structed wetlands that can be constructed in the yards of the houses.
Another possibility is to collect the wastewater and treat it with a de-
centralized wastewater treatment system such as a constructed wetland.
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These can be constructed in gullies or drains where wastewater is col-
lected or discharged to. Another option is to implement a more complex
technology such as a Biostar, which is a biological wastewater treatment,
designed by the Instituto Mexicano de Tecnologia del Agua (IMTA) in
Cuernavaca, México, or an Rotating Biological Contactor (RBC). How-
ever, these will need a (small) sewage network and perhaps pumps to
collect and transport the wastewater besides the need for skilled opera-
tors as well as an energy source to function and perform adequately.

In a more centralized scenario the existing sewage system and waste-
water treatment plant can be extended. However, the multiple unplanned
settlements not only make it difficult to extend the existing sewage system
in order to serve all households (as the capacity of the wastewater treatment
plants might need to be increased and a new sewage network will need to
be constructed amidst existing buildings and chinampas, thereby severely
limiting the design possibilities), but there are also multiple buildings con-
structed over the existing sewage system which makes rehabilitation and
extension works impossible to perform without demolishing and recon-
structing the buildings. Hence the expansion of the centralized system might
be more difficult to realize than the construction of decentralized measures.
On the other hand, the centralized system is a technology preferred by the
local inhabitants, meaning that the implementation of decentralized sanita-
tion options might be more difficult due to the lower social acceptance. This,
however, still needs to be evaluated. An example of how the implementation
of a decentralized sanitation option such as EcoSan can result in resource
recovery and water conservation is presented as follows:

10.4.3.2.1 DESCRIPTION OF CURRENT SITUATION

The sanitation situation in the peri-urban areas of Xochimilco differs per loca-
tion. A number of houses, generally located near the urban areas and that are
connected to the water supply system or store water in tanks, make use of
flush toilets. These discharge their water into the canals or septic tanks, which
are often poorly constructed or just a hole in the ground. Other, more remote,
households make use of pour flush toilets or pit latrines that are often poorly
constructed or defecate and urinate directly in the environment. Gastronomi-
cal and skin problems and diarrheal diseases are common in these areas [32].
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10.4.3.2.2 POTENTIAL APPLICATION IN CASE STUDY AREA

By constructing EcoSan toilets initially at households that currently do
not have sanitation facilities or make use of pit latrines access to proper
sanitation facilities is improved. The combination with a biofiltro, which
is the local name for a small constructed wetland designed to treat grey
wastewater at household level, will ensure that all wastewater originat-
ing in a household is adequately treated. As it is generally the poor who
do not have proper access, their livelihoods and the overall public health
is impacted directly and improved. In addition, the recovery and reuse
of nutrients can not only lead to less demand for artificial fertilizer (or
if no fertilizer was used, higher yields), but it can also improve the soil
conditions and thereby the sustainability of the land.

An EcoSan toilet can be constructed in the yard of a household, or as an
extension of a house, where in general the dimensions of a toilet or pit latrine
(1-1.5 m?) can be maintained. Care should be taken to design the EcoSan toi-
let in such a way that it uses energy from the sun to dry the collected feces. Fe-
ces and urine will be stored in two separate containers prior to their use or the
co-composting. The feces and urine can be used in local gardens, greenhouses
or chinampas in the form of compost. A biofiltro, with a surface area of 2 m?
to treat 100 L of grey water (total dissolved oxygen demand of 555 mg/L) per
day [11], can also be constructed in the yard of a house. In certain areas this
is already common, and here they are constructed in the form of flowerbeds.
Cases where ornamental flowers (Zantedeschia aethiopica and Cannaflaccida)
are used, with good treatment results, are also known [33].

10.4.3.3 SOLID WASTE MANAGEMENT AND AGRICULTURE

Organic waste management and agriculture are treated in one section as
the outputs of the organic waste treatment often can be used in agriculture.

Waste separation practices are considered a key practice for solid waste
management. By separating the different wastes, some can be reused or
recycled, while others can be used as an input for composting in order
to retain nutrients in the area. If the waste is collected by a centralized
organization, the inhabitants will need to store their wastes in separate
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closable bins till the wastes are collected. The wastes can then be recycled,
composted or disposed of in a location specifically adapted to the purpose.
For instance, a centralized composting plant, using vermicomposting,
could treat organic wastes from an area and in turn supply the farmers of
that area with a high-quality compost, soil improver or organic fertilizer.
Depending on the local demand for energy, it is also possible to digest
the organic wastes with manure coming from livestock to produce biogas.
This can be done on household level or in a centralized way. The effluent
of the biodigester can be used for fertigation and composting purposes, or
organic fertilizer can be produced.

On-site composting and vermicomposting can be implemented where
there is no, or very poor, waste collection facilities as the produced com-
post can be handled safely. These practices can also be done by families
with gardens so that they can reduce their fertilizer demands. Although
vermicomposting is more efficient and can eventually produce valuable
side-products such as worms and proteins, it also requires more econom-
ical input (worms—i.e., Eisenia fetida—need to be bought, a structure
needs to be constructed to contain the compost) to start-up, and thus by
studying both technologies local inhabitants can choose which compost-
ing type they prefer and can afford. The location of the (vermi-)compost-
ing can be in the vicinity of the house, to ease organic waste disposal, but
at a large enough distance to prevent the occurrence of noxious odors or
pests. The following is the presentation and discussion of vermicompost-
ing as an example of on-site organic waste management:

10.4.3.3.1 DESCRIPTION OF CURRENT SITUATION

The separation and recycling of solid waste is an uncommon practice in
the peri-urban areas of Xochimilco. Although a number of inhabitants
have access to the centralized collection service, who collect the solid
waste with trucks, there are also households who do not make use of these
facilities, are not or irregularly visited by the trucks or simply do not make
use of the service. Hence solid waste is also burnt or discarded to the
streets and environment, resulting in pollution.

10.4.3.3.1 POTENTIAL APPLICATION IN CASE STUDY AREA
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The local separation of solid waste and local vermicomposting of or-
ganic solid waste will result in an overall decrease of the amount of
waste to be collected. This, in turn, will lower the strain on the municipal
waste collection service so that they can extend their services. Another
advantage is that awareness about waste production and treatment is cre-
ated with the inhabitants, making them more aware of their actions and
hence less inclined to pollute the environment. Lastly, valuable nutrients
are conserved and can be used in the chinampas and gardens as natural
fertilizer and soil conditioners.

Vermicomposting is technologically relatively simple to conduct. It
will, however, require a behavior change as solid waste will need to be
separated. Also, the organic solid waste will be composted near the house,
in the yard, which is something that not all households are eager to do,
especially as the compost pile might need to be over-turned for active
aeration. If it is done, one will need to construct a box (usually 1 m3).
The composting pile will need to have a relative humidity of 70%, and
an average temperature of 21 degrees Celsius for the reproduction of the
worms. However, during the composting process temperatures can exceed
60 degrees Celsius, which will result in a reduction of pathogens. During
(vermi-)composting in general a mass reduction of 10%—-30% can be ex-
pected [34,35].

10.4.4 RESULTS—RESOURCES FLOW ANALYSIS

Based on the three concept scenarios identified during the workshop and
the technologies allocated to each concept scenario resources flows were
identified and calculated.

The goal of the concept scenario “Local Identity” is the conservation
of local values which is related to the cultivation of chinampas and the
prevention of external influences. In this concept scenario individual tech-
nical solution are preferred over centralized ones to become more inde-
pendent from Mexico City.

By implementing multiple on-site technologies waste streams can be
collected and treated separately (Table 6). In this concept scenario various
resources flows between the sectors will take place: nutrients in the form
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of urine and decomposed feces as well as treated wastewater and compost
will be used in agriculture. The digestion of organic waste produces bio-
gas which is an additional local energy source. This will not only enable
the recovery and reuse of water, nutrients and energy, but also lessen the
demand for centralized services and hence create more independence for
the users.

The objective of the concept scenario “Economic and community de-
velopment” is economic development with a strong focus on agriculture.
In the mountainous areas where no agriculture is practiced, there is a
focus on community development. In this scenario (Table 7) the main
resources flows emanate from the sanitation systems that allow the reuse
of treated wastewater in the chinampas or in some other areas to improve
the agricultural production and to have better tourist services. The com-
post of the decentralized composting facility is used in local agriculture.
In the mountainous area, community technologies are the main feature
of this scenario.

The advantage of implementing technologies on communal scale is
that larger quantities of water and nutrients can be recovered at one lo-
cation. Hence it is possible to reuse these resources as inputs for agri-
culture. In addition, side benefits, such as a business in composting, can
be established. However, it is more of a challenge to separate all waste
streams from the source as certain wastes have specific challenges. Urine,
for example, does not allow for transportation over long distances through
pipes as it can result in clogging due to precipitation of minerals (primarily
Calcium and Magnesium Phosphates) [36].

In the concept scenario “Centralization” the main goal is a strong
connection to the development of Mexico City and integration into the
planned urbanization. All infrastructure services are centralized as much
as possible.

In a centralized scenario it is much more difficult to recover resources
from wastewater and solid waste (as shown in Table 8). The only resources
flow between the sectors is through the organic fraction, which can be
composted in a centralized location before being solid back to the farmers.
The treated wastewater will be discharged to the environment.

Examples of resources flows from earlier discussed technologies are
as follows: Through the implementation of an on-site RWH system with
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Table 6. Overview of technical systems for concept scenariol—Concept of natural

resources flows.

Concept scenario 1—Local identity

Water supply

Wastewater

Agriculture

Solid waste

- RWH (on-site and
groundwater recharge

- Aquifer recharge
through rainwater
capture

- Reuse of treated
wastewater for non-
drinking purposes

- Separation black
water/ grey water

- Suitable treatment for
black waters (on-site
treatment)

- Treatment of grey
water for reuse

- Conservation of
chinampas

- Use of compost

- Local gardens (to
support subsistence
with vegetables)

- Use of treated waste-
water

- Separation organic
and inorganic waste

- On-site (vermi)
composting
- Anaerobic diges-

tion of organic
waste

Table 7. Overview of technical systems for concept scenario 2—Concept of natural

resources flows.

Concept scenario 2—Economic and community development

Water supply

‘Wastewater

Agriculture

Solid waste

- Communal RWH

- Use of treated
water from channels
for non-drinking
purposes ==>

- Community scale
wastewater treatment
plant (reuse in agricul-
ture or for non-domestic
purposes)

- Reuse of water and
nutrients for chinam-
pas for agricultural
production

- Manure and other
residues to composting

- Separation of
organic waste

- Decentralized
composting together
with sediments
from chinampas and
other agricultural
residues

- Collection of
inorganic waste,
recycling and
disposal

post-treatment the inhabitants will be less depended on the centralized wa-
ter supply system for their water supply. If all annual precipitation (807
mm) is collected with a 70% efficiency on the before mentioned roof sur-
face (36 m2), this can result in a capturing of 20.3 m3, which accounts for
49% of the annual water demand of a peri-urban household not connected
to the centralized water supply system (41.6 m*/year) [32].



222 Sustainable Cities: Urban Planning Challenges and Policy

The implementation of an EcoSan and biofiltros for the treatment of
feces, urine and grey water at household level will enable the recovery of
N, P and Potassium (K) as well as water. Based on data for one household
the recovered amounts can be 5.7 kg N/year, 1.5 kg P/year and 2.4 kg
K/year. Based on N-requirements, this is enough to cultivate 750 m2 of
hybrid maize capable producing 4.5 t/ha (application load of 80 kg/ha).
However, if P-availability is limiting, the cultivatable area is 500 m*. For
K this is 300 m? [37,38]. This can deviate, depending on local conditions.

If households that currently make use of flush toilets (using an average
of 7 L per flush) also construct EcoSan toilets, water can be saved. With
an average of 4 inhabitants per household and 5 flushes per person per
day (one flush per visit), an annual 51 m?® can be saved per household. The
use of a biofiltro will ensure that little polluted wastewater can be reused
in a safe way for, for instance, irrigation of crops or non-potable domes-
tic purposes such as laundry or cleaning. The annual production of grey
wastewater for a household is 112 L per household per day, which will
result in an annual amount of 31 m? of treated wastewater, assuming a 75%
recovery and treatment efficiency.

The annual amount of organic waste produced per household in Xochi-
milco is approximately 1000 Kg. Assuming a 20% mass reduction this re-
sults in an annual production of 800 kg of compost from the organic waste
of one household. The composition of compost generated will differ per
location as it depends upon the organic waste that is composted, the qual-
ity of the composting facility (aeration, temperature regulation) as how
the compost is maintained (moisture content and temperature). Taking the
general values shown in Table 2 the amount of nutrients recovered annu-
ally by one household is 6 kg N and 1 kg P. Compost is also a source for
organic matter (OM), which can be used as soil conditioner. The annual
production of OM is calculated to be 200 kg OM. Based on N-require-
ments, this is enough to cultivate 750 m? of hybrid maize capable produc-
ing 4.5 ton/ha (application load of 80 ton/ha). However, if P-availability
is limiting, the cultivatable area is approximately 300 m? [38]. Apart from
the nutrients recovered through the composting process, vermicomposting
also allows for the cultivation of worms that can be sold to start-up other
vermicomposting sites or as protein sources for animal feeds. In one year
time the amount of worms can increase by a ten-fold, and one kilogram of
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Table 8. Overview of technical systems for concept scenario 3—Concept of natural
resources flows.

Concept scenario 3—Centralisation

Water supply Wastewater Agriculture Solid waste
- Connection to cen- | - Connection to central- | - Use of compost in lo- - Separation of
tralized water supply | ized sewer system and | cal gardens/agriculture organic waste

treatment - Centralized com-

posting of organic
waste

worms (Eisenia fetida) will sell for about € 15 to €60, depending on the
demand and quality [39].

The different technologies as well as different resources recovered are
summarized in Table 9.

10.5 DISCUSSION

The participatory planning approach combining scenario development
(using a Future Workshop) with participatory planning has shown to be
a useful approach to raise awareness and interest of users and stakehold-
ers to the issues at stake. Complex technical issues could successfully be
discussed with a wide range of local users and stakeholders.

When approaching the water supply, sanitation, wastewater treatment
and solid waste management from the resource conservation and reuse
point of view a different approach to the water chain and a different inter-
pretation of the characteristics of the water and waste is required. By fol-
lowing this reverse water chain approach the potential of pollutants can be
seen as valuable resources, both in terms of physical resources (nutrients
or water), but also as economic resources. The brief descriptions of three
different decentralized technologies show that the implementation of all
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Table 9. Summary of examples of on-site technologies and potential resources
recovered.

Technology Size Potential resource re- Benefit
covery per household
per year
On-site rainwater Roof: 36 m? Water: 20.3 m* (70% 49% reduction in
harvesting with post- Storage tank: 1.5-2.0 m’ efficiency) water demand
treatment
EcoSan and biofiltro EcoSan: 1.5 m? N:5.7kg 300-750 m? of
Biofiltro: 2 m? P: 1.5kg malze,' producing
an estimated 4.5
K:2.4kg tons/ha
Flush water: 51 m? Redundant flush
Treated grey water: 31 water: 51 m’
m* (75% efficiency) Recovered grey
water accounts for
60% of the water
demand
(Vermi-)composting | Composting structure: 1m? N: 6 kg 300-750 m? of
P: 1kg maize, producing an
' estimated 4.5 ton/ha
OM: 200 kg
Worms: 10 kg from 1
kg/year

three technologies can result in an improvement of the living conditions
of the inhabitants of peri-urban areas while there are also economic sav-
ings as less water or fertilizers will have to be bought and one will need to
pay less to a centralized body for the treatment of one’s water or wastes.
In addition, the individual technologies presented require little space (1-3
m?2) and hence generally fit within the gardens of the local houses, even if
all three are constructed at one house although this can differ per case, and
can be constructed with materials available locally in México. The fact
that there is no need for large excavation for pipelines or external energy
sources for pumps and regulators is another technological advantage of the
decentralized technologies because it increases its versatility by making it
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applicable for areas not easily accessible and lessens construction costs of
large sewage systems.

The implementation of decentralized technologies does not by defini-
tion mean that this is on a household, or on-site, scale. If the local con-
text allows for this, technologies could also be implemented on communal
level and thereby create small economies of scale and density with all
benefits (and constraints) of this. Another advantage of decentralized tech-
nologies is that different technologies can be combined on different scales
to achieve different objectives. The example presented earlier considered
three specific technologies, but the research also showed that, for instance,
the implementation of constructed wetlands on communal level can pro-
vide water suitable for supplementary irrigation while the digestion of or-
ganic wastes at household level provides local energy for cooking, lighting
or heating. The sludge can be used as a natural fertilizer and soil condi-
tioner, and hence an impulse to the local economy through agricultural
stimulation is created.

However, as mentioned before, the implementation of the decentral-
ized technologies and reuse of resources will require the acceptance of
the technologies by society as well as a change in perception and behav-
ior from society. In addition, it might initially cost them money as they
will need to construct the different technologies. It is not self-evident
that the use of collected rainwater and treatment prior to consumption
(chlorine or UV-light if there is an energy source), as well as the use
of treated wastewater for non-potable purposes is accepted and imple-
mented readily by all inhabitants. Furthermore, the use of an EcoSan
toilet could be perceived as less comfortable, easy or less hygienic than
a conventional flush toilet. As a decentralized technology will require
operation and maintenance by the inhabitant, one is directly responsible
for the wastes that one produces. Hence decentralized technologies de-
mand an active involvement of the users, for instance in the form of
cleaning the roof and rainwater storage tanks, handling the (dried) feces
and urine, separating wastes and periodically over-turning the compost
pile. This active involvement often has a low social acceptance if there is
an easier option, such as a centralized, conventional, system, available.
Thus, the society plays an important role in implementing decentralized
technologies as their cultural perceptions, values and wishes will need to
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be taken into account while designing the technology or combination of
technologies, which is not self-evident [40,41].

Another obstacle for the implementation of decentralized technolo-
gies and the reuse of resources could be institutional constraints or leg-
islation. Legislation could restrict the use of human excreta as a natural
fertilizer or pose restrictions on the quality of the effluent if it is to be
discharged to a natural water body. In addition, the implementation of
centralized technologies can be used by authorities to gain control over
resources flows to an area and hence the ability to influence its popula-
tion. In the case of decentralized technologies this is much less of a
possibility, and hence authorities could be less inclined to promote the
approach proposed here.

The last obstacle discussed in this paper is the threat of the technolo-
gies to the public health. Although the technologies are envisaged to be
implemented in peri-urban areas where there is inadequate access to safe
water supply, wastewater treatment and solid waste management services,
and thus improve the living conditions of the inhabitants, improper con-
struction, operation or maintenance can result in serious health risks. This
is especially the case for EcoSan, which if not constructed, operated or
maintained properly can become hygienically unsafe and result in a source
of pathogens or vectors, thereby increasing the risk of infections.

10.6 CONCLUSIONS

As the research results have shown, the implementation and combination
of decentralized technologies allows for context-specific solutions to local
water supply, sanitation or solid waste dilemmas that are often relevant
in peri-urban areas. Moreover, it provides the opportunity to lessen en-
vironmental pollution and recover valuable resources to sustainably im-
prove livelihoods and the environment. However, in order to achieve this,
participation of users and stakeholders is crucial. As the experiences of
this project have shown, stakeholders still often favor traditional central-
ized solutions and, in order to facilitate the implementation of decentral-
ized solutions, an open and transparent planning process that highlights
advantages and possible disadvantages of decentralized over centralized
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solutions needs to be pursued. At the very beginning of such a planning
process a clear vision of the local stakeholders is necessary establishing
what the existing problems are and how they could be solved. A partici-
patory planning process linked to the identification of development sce-
narios (using Future Workshops) as tested in this study can help to develop
technical concept scenarios that show all options for problem solving. As
a next step, these options need to be carefully assessed not only from an
environmental, but also from an economic and social, perspective.
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Global Analysis of Urban Surface
Water Supply Vulnerability

ULIE C. PADOWSKI AND STEVEN M. GORELICK

11.1 INTRODUCTION

Rapid population growth over the past 60 years has led to accelerated global
urbanization. With more than half of the world’s inhabitants now residing
in cities, the human geography of the planet has shifted, condensing nearly
3.6 billion people into <1% of the total global land area (Schneider et al
2009, United Nations 2012). These urbanized areas represent hotspots of
localized, concentrated development that place enormous pressure on natu-
ral resources, particularly freshwater supply. Globally, urban water use has
increased five-fold since 1950, reflecting greater demands as more people
move to urban centers and increase their per capita use, commensurate with
higher standards of living (Richter et al 2013). Combined with water de-
mands for agricultural irrigation, industrial production, and water to sustain
environmental flows, water scarcity has become a global problem.

The impact of urban demands on freshwater resources not only alters the
hydrologic balances in the basins that supply and receive water for urban ar-
eas, but can devastate the integrity of a watershed tapped for supply (Miltner
et al 2004). An historical example is the city of Los Angeles, US, which in the
early 1900’s commandeered nearly the entire flow of the Owens Valley and
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232 Sustainable Cities: Urban Planning Challenges and Policy

Mono Lake basins, severely damaging the existing natural and human sys-
tems within each. More modern examples include the dramatic decline in the
water quantity and quality of Lake Chapala through the early 2000’s caused in
part by the city of Guadalajara, Mexico drawing increasingly larger volumes
of water for urban supply (Webster et al 2009). The Krishna basin in India
suffers “significant degradation of various ecosystems” due to widespread
over-allocation across all sectors, including large withdrawals for the cities
of Hyderbad, Pune, and water exports to Chennai (Venot 2009). On the other
hand, places like New York City, US have instead promoted source watershed
protection measures that leave supply basins with functional ecosystems, de-
spite providing water to one of the largest cities in the world.

Freshwater vulnerability is only partially a reflection of growing urban
demands. Although water for municipal use has become significantly more
important over the past century, agricultural irrigation is by far the domi-
nant user of water around the world (Gleick 1993). Since the 1950’s, the
volume of water used for irrigation purposes has nearly tripled (Molden
2007). However, historical trends suggest that as urbanization intensifies,
a larger portion of available freshwater resources will be channeled to the
urban sector (Oki and Kanae 2006). The options for closing the growing
urban water deficit are building non-traditional, expensive sources (e.g.,
recycling, desalination), developing reallocation schemes, such as urban-
rural partnerships (Gober 2010, Richter et al 2013), or by reducing water
allocated for environmental flows (Rogers 1993).

Until recently, urban impacts on supply vulnerability were either per-
formed for individual cities, regionally, e.g., in the US (Averyt et al 2013,
Padowski and Jawitz 2012), or by assuming the basins within which urban
areas reside are those supporting urban water demands (Jenerette and Larsen
2006, McDonald et al 2011). Currently, only the City Water Map Initiative
has presented a global assessment of urban water stress that directly incor-
porates information about urban water sources (McDonald et al 2014).

The study presented here examines baseline and future vulnerability
scenarios of cities under normal climate conditions and quantifies the mag-
nitude of reallocation needed to reduce future vulnerability. To accomplish
this, our global analysis evaluates the vulnerability of surface water supply
basins serving large cities that lack source diversity, relying on either di-
rect river withdrawals or releases from reservoir storage and asks: 1) Which
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large urban areas are most vulnerable to demands for freshwater now and in
the near future? 2) Of those vulnerable large cities, what is the magnitude of
water reallocation needed to assure urban freshwater supplies?

11.2 METHODOLOGY

11.2.1 CRITERIA FOR INCLUSION AND DATA SOURCES

Water vulnerability assessments were performed for all basins supporting
cities with populations in excess of 750 000 that obtain water supplies solely
from either (a) river withdrawals or (b) reservoirs (natural or man-made)
that are not shared with another large city. In total, 70 cities in 39 countries
were identified that meet these criteria. Information on the type and location
of urban water sources was obtained from the City Water Map Initiative
(McDonald et al 2014). Hydrologic data, including mean annual reliable
basin discharge (GWSP 2008b), environmental flow requirements (GWSP
2008a), mean annual reservoir storage capacity (Lehner et al 2011, NID
2009), global potential evapotranspiration rates (Zomer et al 2007, 2008)
and urban demand (FAO 2013) were obtained from global databases (see
supplemental material). Available environmental flow requirements and dis-
charge statistics for all supply basins were based on time series of monthly
climate variables over the climate normal period 1961-1990. Estimates of
future vulnerability are based on urban growth projections developed in the
UN World Urbanization Prospects (United Nations 2012). Basin boundaries
for each urban water source were delineated using HydroSHEDS (Lehner
et al 2008), yielding 106 surface-water basins, with 48 cities relying on a
single supply basin and 22 cities relying on more than one basin. Where a
city uses more than one supply basin, that city’s supply basin refers to the
combination of discharge from all of the supply basins used.

11.2.2 OBJECTIVES

The focus of this study is on large cities using surface water supplies that
lack source diversity, relying on either direct river withdrawals or releases
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from reservoir storage. Three vulnerability metrics, discussed below, were
used to identify those cities that fail to meet simultaneous thresholds of
freshwater supplies for urban, agricultural, and environmental purposes.
Urban water vulnerability was calculated for baseline conditions (2010)
and for a future scenario (2040) in which increasing water demands are
proportional to predicted population growth and projected irrigated agri-
cultural demand. Although projected demand estimates account for popu-
lation increases, surface water supply changes resulting from expanding
urban boundaries and additional future supplies a city might tap by 2040
are not considered. These estimates also do not include any impacts of
changes in land use or climate, which could potentially increase or de-
crease the amount of water available to an urban area (Velpuri and Senay
2013). Rather, this analysis establishes a baseline estimate of vulnerability
assuming stationarity in urban hydrologic systems over the next 25 years.
For the future scenario, the reduction in urban water vulnerability that
could be achieved is examined in two end-member demand scenarios: 1)
demands based on projected water-sharing allocations, and 2) demands
where excess water from agriculture or the environment is redirected for
the other sectoral uses.

11.2.3 BASIN VULNERABILITY METRICS
11.2.3.1 ENVIRONMENTAL WATER REQUIREMENTS (Q,)

Environmental flows are a critical water resources component (Poff et al
1997, Smakhtin et al 2004). Ideally, a supply basin should be capable of
fostering urban well-being while supporting a viable ecosystem. The envi-
ronmental water metric reflects the vulnerability of freshwater-dependent
ecosystems to urban water use, and is defined as a ratio of critical envi-
ronmental water demand to available basin flow. Environmental water
demand (D,) is based on low-flow conditions derived from the WaterGap
model in which global estimates of environmental water flow were deter-
mined at the watershed scale (D61l et al 2003, Smakhtin et al 2004).

This vulnerability metric compares the water required to meet envi-
ronmental demands to the mean low-flow monthly water discharge within
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each basin (q,,). Although it has been shown that urbanization can cause
changes in runoff in some US urban watersheds (Velpuri and Senay 2013),
global data of changes in runoff trends are currently not available and may
not be applicable in cities that collect water from basins external to their
urban footprint. Rather, within each basin, the q,, value is used to repre-
sent the "reliable monthly discharge," which is equal to the minimum flow
that is exceeded on average 90% of the time (based on monthly discharge
data). We define the environmental water requirement (Q,) for each basin
as the ratio of D, to the low-flow runoff (q,,) after agricultural (D,) and
urban demands (D,) are met (see 2.3.2 for agricultural and urban demand
calculations) (equation (1)).

Q=D,/(q5=D,=D) (1)

Any basins for which environmental water demands (D) are large rela-
tive to net reliable flow are considered threatened (Q, >0.4). The threshold
of 0.4 adopted here builds on a similar scarcity threshold applied in other
well-established contexts (Falkenmark et al 1989, Vorosmarty et al 2005).

11.2.3.2 HUMAN USES: URBAN WATER
AND AGRICULTURAL IRRIGATION

Urban water requirements were assessed using an analogous metric to that
used for environmental flow requirements. Specifically, the urban water
requirement represents a ratio of urban demand during low-flow condi-
tions to renewable surface water in basins when environmental needs are
met first. Since urban water demand (D,) is not a commonly reported
metric, estimates of demand for each city were computed by multiplying
the population by the mean annual national municipal and industrial per
capita demands, excluding withdrawals for thermoelectric cooling (GWSP
2008c). The discharge required to meet urban needs was calculated as the
ratio of D, to the mean “reliable monthly discharge” for a basin (q,,) after
agricultural (D,) and environmental demands (D,) are met (equation (2)).

Q,=D,/(44,—D,~D,) 2
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As with @, a threshold is applied such that all basins for which urban
demands DH are large relative to net available low flow are deemed threat-
ened (Q, > 0.4).

Agricultural demands (D ,) were estimated from the most recent annual
national water use statistics (FAO 2013) for urban supply basins with >1%
of the total area occupied by land under irrigation (Siebert et al 2013). The
relative percent of water withdrawn for agriculture was used as a proxy
for the flow in each basin that is allocated for irrigation purposes. In Eq. 2,
systems supported by river withdrawals, have D, subtracted directly from
the q,, while basins supporting urban supplies through reservoirs, versus
directly from streamflows, have a D,=0. For these reservoir-supplied sys-
tems, values of D, are instead subtracted from reservoir storage (equation
(3)). Projections of future agricultural demands for the 2040 scenario were
made based on available national water use statistics from 1965-2010.

11.2.3.3 STORAGE REQUIREMENTS (Q.)

The third measure of vulnerability provides insight into a basin’s hydraulic
capacity to supply water. This measure is based on the ratio of total an-
nual urban demand volume to reservoir normal storage. Reservoir storage
is a key component in many urban supply systems, increasing hydraulic
system stability by helping to buffer variability in available supply (Pad-
owski and Jawitz 2012). In this study, 28 of the 70 cities relied on releases
from surface reservoirs. Here, urban supply basin reservoirs are assumed
to be managed such that urban demands receive top priority. It is also
assumed that no additional significant reservoir capacity will be added
before 2040. Understanding that these assumptions likely provide just one
assessment of water available for human consumption, storage threat is
measured as the ratio of urban water demand (D)) to the reported reservoir
annual storage capacity ., minus evaporative losses estimated using
potential evapotranspiration (D) (Ward and Trimble 2003) and agricul-
tural demands (D) for a year (equation (3)), where basins are considered
threatened when Q >0.4 (Lane et al 1999).

0,=D,/(Q,,~(D,+D,)) 3)
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11.2.4 CITIES SUPPLIED BY DIRECT
RIVER WITHDRAWALS VERSUS RESERVOIRS

Reservoir-supplied cities were evaluated using each of the three metrics
described above, however river-supplied cities have no major storage in-
frastructure and were assessed using only the two flow-based metrics (Q,

and Q).

11.2.5 VULNERABLE VERSUS THREATENED STATUS

For both categories—reservoir and river supplied—cities were considered
“vulnerable” if all demand thresholds were violated. If a city had one or
two but not all three metrics exceeding a threshold, then it was considered
“threatened,” as these supplies may no longer be able to support urban
demand without causing damage to agriculture, the environment, or both.
We refer to a city as “susceptible” if it has either threatened or vulnerable
status; the number of susceptible cities is the sum of those that are threat-
ened or vulnerable. Finally, cities were considered “non-threatened” if no
demand thresholds were violated.

11.3 RESULTS
11.3.1 BASELINE VULNERABILITY AND THREATS (2010)

Each city was assessed according to the three vulnerability metrics de-
fined in section 2. The status of each city, either vulnerable (dark), threat-
ened (white) or non-threatened (light gray) is shown on the global map in
figure 1. The total number of cities in each category is given in table 1.
Of the 70 cities included in this study, 25 are classified as vulnerable in
2010, of which 23 are cities supplied solely by direct river withdrawals.
These vulnerable river-supplied cities have significantly lower mean per
capita flows (2700 1/p/d) than those cities with sufficient water (200 200
1/p/d), and fall within the range of water availability that Falkenmark et. al
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(1989) identify as having water management problems due to water stress
(2700-4700 1/p/d).

In addition to supporting urban demands, urban supply basins often
provide water for agricultural and environmental needs as well. To bet-
ter understand why vulnerability occurs, the primary source of water de-
mand by sector was determined for each supply basin. Considering only
the 25 vulnerable cities, demand from the agricultural sector is dominating
for the supply basins of 16 cities (64%). There are five vulnerable cities
for which environmental needs are most prominent within supply basins
(20%), with demand from the urban sector dominating in the supply basins
of four cities (16%) (table 2).

Also examined were ‘threatened’ cities, where ‘threatened’ means
that one or two of the three metrics exceed their demand threshold. Of
the 70 cities considered, 33 are threatened and represent the majority of
reservoir-supplied systems (71%), but only 31% of river-supplied cities
are threatened (table 1). Environmental demand was the only stressor
for river-supplied cities, however reservoir-supplied cities revealed more
varied sources of stress, suffering from a variety of environmental, hu-
man and storage-related threats (table 2). The number of threatened reser-
voir-supplied cities is ten times greater than those considered vulnerable,
whereas the number of threatened river-supplied cities is approximately
half of those found to be vulnerable (table 1).

11.3.2 FUTURE VULNERABILITY AND THREATS (2040)

In 2040, the number of vulnerable cities rises from 25 to 31, representing a
24% increase in urban areas facing serious water issues (table 1). Of these
31 cities, those that are river-supplied continue to make up the majority
of those that are vulnerable. Our analysis provides a baseline estimate of
vulnerability assuming near-term stationarity in urban surface water hy-
drologic systems. Even without accounting for potential changes in local
hydrology due to climate change, as populations increase, mean per capita
flows for vulnerable river-supplied cities drop over this 30 year period to
1200 1/p/d, creating “chronic water scarcity” (Falkenmark et al., 1989).
During this same period, the total number of vulnerable reservoir-supplied
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Figure 1. City supply system vulnerability. Cities are represented on the world map by circles where shade indicates the degree to
which each city faces water supply issues. Cities that change status over the time period studied are demarcated with a dark outer
ring (2010) and inner circle (2040). Vulnerable cities (dark) are those who suffer from both environmental and urban water scarcity.
Threatened cities (white) are those that have either environmental or urban water scarcity issues. Cities with no water supply issues
(non-threatened) are symbolized with light gray. Numbered locations represent those cities-of-concern (see section 3.3) which
become vulnerable by 2040. Insets of these particular cities accompany the world map. Dark circles represent the general location
of urban supply sources in inset maps. Basin shading and pattern denotes the primary sectoral water user in each system, whereas
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cities more than doubles, from 7% to 18%, as storage infrastructure loses
its advantage as a supply buffer. When considering only the 31 vulnerable
cities in 2040 (table 2), 17 (55%) cities had supply basins dominated by
demand from the agricultural sector. The number cities with vulnerable
supply basins dominated by demand from the urban sector increases from
four (16%) in 2010 to eight (26%) in 2040.

Although more cities become vulnerable in 2040, the percent of
‘threatened’ cities decreases from 47% in 2010 to 43% in 2040 (table 1).
Similar to 2010, the majority of reservoir-supplied cities are those con-
sidered threatened (71%), however the relative difference between the
numbers considered threatened versus vulnerable decreases. Environ-
mental demands continue to be the only stressor for river-supplied cities,
however, stress from storage over-allocation becomes the leading threat
in reservoir-supplied cities, occurring in 15 of the 28 cities depending on
this supply type (table 2). Although the ratio of reservoir- to river-supplied
threatened cities increases, by 2040 all but three reservoir-supplied and
six river-supplied cities remain unthreatened. Access to large sources of
water combined with relatively low urban demand and/or environmental
demands keeps these nine cities protected from water-supply compromise.

11.3.3 “CITIES-OF-CONCERN”- LOCATIONS
THREATENED OR VULNERABLE IN THE NEAR FUTURE

Between 2010 and 2040, nine “cities-of-concern” were identified as be-
coming more susceptible, with conditions worsening from a non-threat-
ened to threatened status, or from threatened to vulnerable. In total, three
of the cities identified as non-threatened in 2010 become threatened in
2040 (Accra, Ghana; Freetown, Sierra Leone; Panama City, Panama). Six
cities-of-concern change from threatened to vulnerable status (Dublin, Ire-
land; Charlotte, USA; Ouagadougou, Burkina Faso; Guangzhou, Wuhan,
and Nanjing, China; figure 1— insets). Three of these cities-of-concern
(Charlotte, Ouagadougou, and Panama City), each transition from a sys-
tem dominated by the environmental sector demand to one dominated by
the urban sector demand, as none of their supply basins support signifi-
cant irrigated agriculture. Of these nine total cities that show increased
susceptibility by 2040, six are reservoir-supplied cities and three are
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TABLE 1. Number of large cities either vulnerable or threatened.

Year Type Number of Cities by Category Percent of Cities by Category
All Urban Reservoir- River- All Urban | Reservoir- | River-
Systems supplied supplied Systems supplied | supplied
2010 Vulnerable 25 2 23 36% 7% 55%
Threatened 33 20 13 47% 71% 31%
Not Threatened 12 6 6 17% 21% 14%
Total 70 28 42 100% 100% 100%
2040 Vulnerable 31 5 26 44% 18% 62%
Threatened 30 20 10 43% 71% 24%
Not Threatened 9 3 6 13% 11% 14%
Total 70 28 42 100% 100% 100%
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river-supplied. This suggests that increased demand by 2040 puts at risk
a significant number of both river-supplied and reservoir-supplied cities.

11.3.4 WATER REALLOCATION TO
REDUCE THREATS TO CITIES IN 2040

Two water reallocation strategies are examined to assess their potential
usefulness of reducing the threat of failing to meet urban demands. In
these alternative assessments, urban water threat predictions operate un-
der the assumption that growing urban demands may either completely
consume water required for environmental flows (reallocation through en-
vironmental neglect), or be tempered through an urban-rural partnership
where water is reallocated from agriculture via a water market to urban
uses within a supply basin (reallocation through agricultural transfers). In
this scenario, surface reservoirs continue to provide irrigation water and a
portion of that water is transferred to the urban sector sufficient to meet the
urban water demand threshold. The remaining water is used for irrigation
or to satisfy environmental needs. Similarly, irrigation water in excess of
urban needs is also used to meet minimum environmental flows in river-
supplied cities. This analysis represents an end-member strategy in which
enough irrigation water is transferred to satisfy urban demands plus other
sectoral demands to the degree possible.

Table 3 shows the number of cities for which reallocation provides
sufficient water under three scenarios: (1) satisfying urban demands only,
(2) satistying both urban and environmental demands, and (3) securing
adequate reservoir storage. Here, “sufficient water” means that enough
water exists within a city’s supply basin to satisfy sectoral demands in
each scenario.

Growing demand for freshwater will likely force human needs to be
placed ahead of environmental requirements. As such, the first strategy
is reallocation through environmental neglect in which cities divert all
water available for maintaining minimum environmental flows to meet
urban needs. Under this strategy agricultural demands are also met, such
that neither the urban or agricultural sectors are threatened. Of the 70 cit-
ies included in this study, the number of cities that could support urban
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TABLE 2. Number and percent of vulnerable (upper) and threatened (lower) cities classified by dominant cause and supply type.
Also identified are the number of threatened cities that face either single or dual threats to a city’s water supply status.

2010 2040
Dominant Cause Reservoir-supplied | River-supplied Reservoir-supplied River-supplied
Vulnerability dominated by demand from:

Agriculture 2 14 1 16

Environment 0 5 1 5
Urban 0 4 3 5

Total Vulnerable (% by supply type) 2 (7%) 23 (55%) 5 (18%) 26 (62%)
Threat dominated by stress from:

Environment 5 13 3.5 10
Human 1 0 1.5 0
Storage 14 -—- 15 -

Total Threatened 20 (71%) 13 (31%) 20%* (71%) 10 (24%)
(% by supply type)
Sole Threat 11 (55%) 13 (100%) 10 (50%) 10 (100%)
(% by supply type)
Multiple Threats 9 (45%) 0 (0%) 10 (50%) 0 (0%)
(% by supply type)

Global Analysis of Urban Surface Water Supply Vulnerability

* The total number of threatened reservoir-supplied cities in 2040 includes fraction values because the dominant threat in one city
is tied - both environmental and human threat scores are equal.
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demands in 2040 increases from 35 to 51 when exercising environmental
neglect reallocation (table 3). Urban sector threats alone are reduced in 13
otherwise vulnerable and 29 threatened cities, where nine cities remain
non-threatened. Those aided by reallocation through environmental ne-
glect include four of the six cities-of-concern likely to become vulnerable
by 2040, with only Ouagadougou and Charlotte failing to benefit.

The second strategy reallocates water from agriculture to urban use
and shows similar benefits to reallocation by environmental neglect for 50
versus 51 cities. However, agricultural reallocation preserves environmen-
tal flows, and shows that roughly the same benefit can be gained without
further damage to freshwater-dependent ecosystems. Under this strategy,
urban sector threats are reduced in 15 otherwise vulnerable and 26 threat-
ened cities, whereas nine cities remain non-threatened. Reallocation from
agriculture leaves 29% of cities (including Ouagadougou, Charlotte, and
Dublin) unable to meet urban demands. Additionally, under reallocation
of irrigation water, the number of cities for which both urban and environ-
mental demands are met increases from 18 to 28, and the number able to
achieve reservoir storage security increases from 10 to 13 cities (table 3).
Water available only from agricultural transfers could only support both
urban and environmental demands in 3 of the 10 cities-of-concern (Guang-
zhou, Nanjing, Wuhan) that become more vulnerable between 2010 and
2040. A combination of environmental neglect and agricultural transfers
would leave only Ouagadougou vulnerable in 2040.

11.4 CONCLUSIONS

Cities here are considered ‘vulnerable’ when they exceed minimum thresh-
olds for human, environmental, and storage requirements. Those cities
exceeding some but not all three thresholds are considered ‘threatened’.
The nature of urban vulnerability discussed here is exclusively focused on
large cities judged most at risk for water scarcity because they lack source
water diversity. By 2040, 31 of 70 large cities relying on surface water are
predicted to become vulnerable. This represents an increase from 36%
vulnerable in 2010 to 44% in 2040. In the majority of cases, the number
of cities unable to meet human-based demands is likely to outstrip the
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number of cities for which minimum flow requirements of freshwater-de-
pendent ecosystems are not met. The number of vulnerable river-supplied
cities greatly exceeds reservoir-supplied cities in 2010 (tenfold) and 2040
(fivefold). Of large surface-water dependent cities in 2010, 83% are either
vulnerable or threatened. This increases to 87% in 2040.

Although the majority of threatened cities are reservoir-supplied, arti-
ficial storage currently offers far more security to cities using reservoirs.
This is indicated by the substantially lower number of vulnerable reser-
voir-supplied (18%) versus river-supplied cities (62%) in 2040. In particu-
lar, reservoirs may have allowed some cities to delay vulnerability in the
near future, but the high number of threatened cities suggest that the large
financial investments made in the past to improve water security through
reservoir storage may no longer be sufficient to prevent vulnerability. It
is surprising that reservoir-supplied cities account for 6 of the 9 cities-of-
concern showing an increase in vulnerability or threat status (susceptible
cities) by 2040. This suggests that the temporal buffering capacity will
no longer be adequate to meet both increasing urban and agricultural de-
mands as well as accommodate environmental needs.

Large cities can meet urban demand via reallocation by 2040. Real-
location through environmental neglect enables 51 of 70 cities to meet
urban demand, and transfers of irrigation water enable 50 cities to meet
urban demand. This compares favorably to just 35 cities meeting urban de-
mand when no reallocation exists. Agricultural transfers have the benefit
of lessening urban sector threats while reducing the number of cities ex-
periencing environmental and storage threats. However, reallocation of ir-
rigation water by 2040 can enable both urban and environmental demands
to be met in only an additional 14% of cities. Reallocation by environ-
mental neglect enables an additional 23% of cities to meet demand. Of the
nine cities-of-concern becoming vulnerable by 2040, only Ouagadougou,
Burkina Faso, does not benefit from any reallocation method—even if
both environmental and agricultural supplies are both transferred. Source
diversification is essential in this and other regions.

These results offer much-needed insights into urban supply vulnerabil-
ity, but are subject to limitations that accompany the majority of data min-
ing studies. In using pre-existing databases from multiple sources, these
analyses accommodate differences in data quality and coverage (e.g., little
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data on urban water supply and demand information at appropriate spatial
and temporal resolutions), which undoubtedly introduce error and restrict
quantification of uncertainty. As such, these analyses only provide insights
into the likely trends in urban supply vulnerability. Further investigations
of how adaptations to water scarcity and climate change will impact both
river- and reservoir-supplied cities would greatly add to our understanding
of urban water vulnerability, and are necessary for urban water managers
pursuing policies aimed at long-term water supply sustainability.
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11.6 SUPPLEMENTAL MATERIALS

SECTION S-1: DESCRIPTION OF DATA
USE AND AVAILABILITY

S-1.1 URBAN SOURCE LOCATIONS

CITY WATER MAP

The City Water Map is a global survey of water sources for large cities with
populations greater than 750,000 in 2010. This database identifies the names
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and spatial coordinates of the primary water sources and water providers for
265 urban areas. More detailed information on the City Water Map is avail-
able within the supplementary data found in McDonald et al. 2014.

HYDROSHEDS

(http://hydrosheds.cr.usgs.gov/) HydroSHEDS is a high-resolution data-
base of hydrographic information that provides information on river net-
works, watershed boundaries, drainage directions and flow accumulations
at various scales. For this study, the locations of urban water sources were
intersected with HydroSHEDS watershed boundaries to identify the rel-
evant urban watersheds of interest.

S$-1.2 DISCHARGE AND FLOW REQUIREMENT STATISTICS

MEAN ANNUAL RELIABLE BASIN DISCHARGE

(http://atlas.gwsp.org/index.php?option=com_content&task=view&id=55&I
temid=68) Reliable mean annual water discharge was estimated from a Wa-
terGAP dataset of reliable monthly water discharge. This dataset presents a
gridded global assessment of accumulated runoff (surface runoff plus ground-
water recharge). Due to often large temporal variability in river discharge
over time, long-term averages may not be particularly good indicators of the
volume of water that can be reliability accessed each year. WaterGAP presents
the “90% reliable monthly discharge” as an alternative to long-term mean an-
nual discharge. Estimates are “a statistical estimate of the minimum monthly
flow which occurs over 90% of the months during the climate normal period
(1961-1990)”. These data were used to estimate the mean annual reliable
discharge in the basis from which urban areas acquire their water supplies.

ENVIRONMENTAL FLOW REQUIREMENTS

(http://atlas.gwsp.org/index.php?option=com_content&task=view&id=19
1&Itemid=63) The data used to estimate the volume of water required to


http://hydrosheds.cr.usgs.gov/
http://atlas.gwsp.org/index.php?option=com_content&task=view&id=55&Itemid=68
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maintain freshwater-dependent ecosystems was based on the work done
by Smakhtin et al. 2004. This dataset provides a spatially distributed es-
timate of the fraction of mean annual flow required to maintain ecosystem
in “fair condition”, where “fair” implies that the ecosystem endures some
level of disturbance such that some sensitive species may have been lost
and/or reduced in numbers in these areas. This category assumes that hu-
man disturbances are present (e.g. dams, water diversions and water quality
degradation). Assumptions made to quantify the volume of water needed to
maintain ecosystems in this condition are based on estimates of appropriate
low- and high-flow requirements. Futher information on how these flow
requirements were calculated can be found in Smakhtin et al. 2004.

S-1.3 RESERVOIR SIZE INFORMATION

GLOBAL RESERVOIR AND DAM DATABASE
& NATIONAL INVENTORY OF DAMS DATABASE

(http://sedac.ciesin.columbia.edu/data/set/grand-v1-reservoirs-rev0l;
http://geo.usace.army.mil/nid/index.html) The GRanD database con-
tains an extensive collection of information on nearly 7,000 dams and
reservoirs around the world. Here, the GRanD database served as the
primary source for information on reservoir location, storage capac-
ity and surface area. In this study, the mean annual storage capacity
of reservoirs was represented by the “normal capacity” data provided.
Normal capacity in this context usually refers to the most commonly
reported storage value for a given reservoir. In some cases, the normal
capacity was estimated using information on dam height and reser-
voir surface area (see GRanD database Technical documentation for
more details). Reservoir surface areas were also derived from reported
GRanD values, and are assumed to be the surface area of the reservoir
at normal capacity.

The National Inventory of Dams (NID) database was utilized in cases
when GRanD data did not exist. The NID database contains much of the
same information as GRanD, but focuses specifically on reservoirs in the


http://sedac.ciesin.columbia.edu/data/set/grand-v1-reservoirs-rev01
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United States of America. Again, the mean annual storage capacity of
reservoirs was assumed to be their “normal storage” which NID defines
as “the total storage space in a reservoir below the normal retention level,
including dead and inactive storage and excluding any flood control or
surcharge storage”. Surface area of the reservoir is given for the impound-
ment at its normal retention level.

In cases where neither the GRanD nor NID databases provided
necessary information, the authors relied on previously published case
studies, white literature, and utility websites to estimate reservoir vol-
umes. Estimates of unknown surface areas were made from satellite
images of individual reservoirs using Google Earth, and thus may not
reflect the surface area at normal storage levels. Reservoir storage
estimates included information from only those reservoirs believed to
be used for supply (e.g. not smaller storages for local distribution of
treated water).

CGIAR CSI- GLOBAL POTENTIAL EVAPO-TRANSPIRATION
(GLOBAL-PET) GEOSPATIAL DATASET

(http://www.cgiar-csi.org/data/global-aridity-and-pet-database) Based on
the assumption that PET is a good surrogate for lake evaporation (Ward
and Trimble, 2003), this dataset was used to estimate the volume of water
unavailable to urban areas using reservoirs due to evaporative demands.
The Global PET dataset is a high-resolution raster that models monthly
and yearly average PET using the WorldClim Global Climate database for
input parameters. PET is estimated using a modified Penman-Monteith
equation, developed to be particularly amenable to global analyses as it
does not require estimations of site-specific parameters. In this study, the
mean annual PET was measured at the dam location for each reservoir as-
sessed. Averaged values of mean annual PET were calculated for larger
water bodies, specifically the Great Lakes and Lake Victoria. Evaporative
losses from reservoirs were calculated as the mean annual PET multiplied
by the reported surface area of the reservoir. The volume of water lost
to evaporation was then simply subtracted from the mean annual storage
capacity of each reservoir.


http://www.cgiar-csi.org/data/global-aridity-and-pet-database
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S-1.4 WATER DEMANDS

FAO AQUASTAT

(http://www.fao.org/nr/water/aquastat/) Human Demands: We utilized the
Food and Agriculture Organization’s AQUASTAT database to downscale
estimates of national human and agricultural water use statistics to the
urban level. Data for the most recent national municipal and human with-
drawals came directly from the online database for all countries included
in this study. Data were converted to per capita volumes by dividing by the
national population.

Agricultural Demands: Data on national agricultural water demands
were also obtained from AQUASTAT. Here, the volume of water used
for agriculture in urban supply basins was determined as the ratio of ag-
ricultural to total water withdrawals. This ratio was used to estimate the
volume of water in each basin that is allocated for irrigation purposes in
basins with >1% of land area devoted to agriculture. The total land under
irrigation within each basin was determined by intersecting each urban
supply watershed boundary with the gridded estimates of area equipped
for irrigation provided within the AQUASTAT database.

PROJECTED ESTIMATES OF DEMAND

Estimates of human and agricultural water use in 2040 were based on
available national water use statistics from 1965-2010. Projections were
made using a simple exponential growth model.

WATER WITHDRAWALS FOR POWER PLANTS

(http://atlas.gwsp.org/index.php?option=com_content&task=view&id=4
7&Itemid=68) Estimates of mean annual water usage for thermoelectric
withdrawals were made for each water supply basin included in this study.
Data were obtained from a publicly available WaterGAP output found on
the Global Water Supply Project website.


http://www.fao.org/nr/water/aquastat/
http://atlas.gwsp.org/index.php?option=com_content&task=view&id=47&Itemid=68
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Table S-2.1. List of Cities (by country) and their water vulnerability status in 2010

and 2040.
City Country 2010 Vulnerability | 2040 Vulnerability
Luanda Angola Non-threatened Non-threatened
Rajshahi Bangladesh Vulnerable Vulnerable
La Paz Bolivia Threatened Threatened
Belo Horizonte Brazil Threatened Threatened
Florianopolis Brazil Vulnerable Vulnerable
Fortaleza Brazil Vulnerable Vulnerable
Salvador Brazil Threatened Threatened
Teresina Brazil Non-threatened Non-threatened
Sofia Bulgaria Threatened Threatened
Ouagadougou Burkina Faso Threatened Vulnerable
Phnom Penh Cambodia Vulnerable Vulnerable
Yaoundé Cameroon Non-threatened Non-threatened
Dalian China Vulnerable Vulnerable
Guangzhou China Threatened Vulnerable
Nanjing China Threatened Vulnerable
Wuhan China Threatened Vulnerable
Barranquilla Colombia Threatened Threatened
Cali Colombia Vulnerable Vulnerable
Kinshasa Democratic Republic of Threatened Threatened
Congo
Guayaquil Ecuador Vulnerable Vulnerable
Alexandria Egypt Vulnerable Vulnerable
Cairo Egypt Vulnerable Vulnerable
Helsinki Finland Threatened Threatened
Accra Ghana Non-threatened Threatened
Kumasi Ghana Threatened Threatened
Budapest Hungary Threatened Threatened
Agra India Vulnerable Vulnerable
Hubli-Dharwad India Threatened Threatened
Kozhikode India Vulnerable Vulnerable
Pune India Vulnerable Vulnerable
Ranchi India Threatened Threatened
Thiruvananthapuram India Threatened Threatened
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Table S-2.1. Continued.

Baghdad Iraq Vulnerable Vulnerable
Dublin Ireland Threatened Vulnerable
Mombasa Kenya Non-threatened Non-threatened
Maputo Mozambique Vulnerable Vulnerable
Abuja Nigeria Non-threatened Non-threatened
Oslo Norway Threatened Threatened
Panama City Panama Non-threatened Threatened
Asuncion Paraguay Non-threatened Non-threatened
Brazzaville Republic of Congo Threatened Threatened
Bucharest Romania Threatened Threatened
Yekaterinburg Russia Threatened Threatened
Freetown Sierra Leone Non-threatened Threatened
Seoul South Korea Vulnerable Vulnerable
Stockholm Sweden Threatened Threatened
Allepo Syria Non-threatened Non-threatened
Bangkok Thailand Vulnerable Vulnerable
Kampala Uganda Non-threatened Non-threatened
Atlanta United States of Vulnerable Vulnerable
America
Austin United States of Vulnerable Vulnerable
America
Baltimore United States of Threatened Threatened
America
Charlotte United States of Threatened Vulnerable
America
Fort Worth United States of Threatened Threatened
America
Louisville United States of Threatened Threatened
America
McAllen United States of Vulnerable Vulnerable
America
Minneapolis United States of Vulnerable Vulnerable
America
Nashville-Davidson United States of Threatened Threatened
America
New Orleans United States of Non-threatened Non-threatened
America
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Table S-2.1. Continued.

New York United States of Threatened Threatened
America

Oklahoma City United States of Threatened Threatened
America

Philadelphia United States of Vulnerable Vulnerable
America

Pittsburgh United States of Vulnerable Vulnerable
America

Providence United States of Threatened Threatened
America

Raleigh United States of Threatened Threatened
America

Richmond United States of Threatened Threatened
America

Saint Louis United States of Threatened Threatened
America

Montevideo Uruguay Vulnerable Vulnerable

Tashkent Uzbekistan Vulnerable Vulnerable

Harare Zimbabwe Vulnerable Vulnerable

* Bold, italicized items highlight those “cities-of-concern”, who become more
vulnerable during the 2010-2040 time period examined.
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