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Abstract: Cities are the most dramatic manifestations of human activities on the surface of the
earth. These human-dominated organisms—i.e., cities—degrade natural habitats, simplify species
composition, disrupt hydrological systems, and modify energy flow and nutrient cycling. Today, these
consequential impacts of human activities, originated from population increase, rapid urbanization,
high private motor vehicle dependency, deregulated industrialization and mass livestock production,
are increasing exponentially and causing great deal of environmental, social, and economic challenges
both at global and local scales. In such a situation, establishment of sustainable cities, through
sustainable urban development practices, is seen as a potential panacea to combat these challenges
responsibly, effectively, and efficiently. This paper offers a critical review of the key literature on
the issues relating to planning, development and management of sustainable cities, introduces the
contributions from the Special Issue, and speculates on the prospective research directions to place
necessary mechanisms to secure a sustainable urban future for all.

Keywords: sustainability; sustainable development; sustainable urban development; sustainable city;
sustainable urban ecosystems; sustainability assessment; smart cities

1. Background and Literature Review

Environmental externalities mainly generated from population increase, rapid urbanization,
high private motor vehicle dependency, deregulated industrialization, and mass livestock production
have placed serious concerns for the future of our wellbeing, and even our existence in the long
run [1–4]. Realization of the fact that urgent measures must be taken to combat environmental
externalities responsibly, effectively, and efficiently have resulted in the rediscovery of the need for
more eco-friendly practices [5–7]. Subsequently, during the last few decades, “sustainability” and
“sustainable development” have become popular topics not only for scholars, particularly in the fields
of environmental economics, technology and science, urban planning, development, and management,
but also for urban policy makers and professional practitioners [8–10]. The emergence of these new
concepts starting from early 1970s is an outcome of the response to the growing concerns about the
impacts of development practices on the state of the environment [11–13].

As a result of both conceptual and empirical research conducted over the last five decades,
presently the notion of “sustainability” has been clearly understood; however, a precise definition with
a broad consensus is yet to be devised [14,15]. In generic terms, sustainability is a normative concept
that indicates the way humans should act towards nature, and the way they should be responsible
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towards one another and future generations [16,17]. Berkes et al. [18] see sustainability as a process to
determine the relationship among ecological, social and economic dimensions. This relationship is
ascertained based on resilience to both natural and anthropogenic disturbances, desirability to human
societies, and temporal and spatial scale boundaries [19]. The idea of meeting the reasonable needs
of the current generation, while enhancing the lives and ecosystems of future generations has been
discussed extensively in academic debates [20]. This understanding is considered as a fundamental
characteristic of sustainability [21]. Nevertheless, not all practices are completely sustainable or
unsustainable; there are many shades of grey in between these two opposite poles. Allen [22] coins the
concept of strong-versus-weak sustainability; where weak sustainability is the substitutability between
human and natural capitals in an acceptable level, while strong sustainability is the maintenance
and enhancement of the natural capital. This has turned the evaluation of levels or degrees of
sustainability [23,24], in other words sustainability assessment, into a major area of research and
advocacy for scholars [25–28].

The renowned Brundtland Report [29] gave a significant boost to the “sustainable development”
idea and the subsequent efforts. Successively, the concept is adopted in many disciplinary scopes, and
also in many countries, regions, cities, and firms worldwide [30,31]. Driven from the sustainability
concept, the essence of sustainable development is seen as meeting the fundamental human needs,
while preserving the critical life-support systems of our planet [32,33]. It is broadly defined as
a development type that can be continued either indefinitely or for the implicit time period of
concern [34]. In the debates on sustainable development, the role of societies is critically analysed
for managing economic, social, and natural capitals, which are considered non-substitutable and
their consumption is irreversible [35–37]. One of the most popular definitions comes from Allen [22];
sustainable development is the development that satisfies the human needs and improves the quality
of life in such a way that ecosystems should keep renewing themselves.

A thorough review of the literature reveals that there is no harmony in the operational contents
of sustainable development [38]. It covers dynamic environmental, social, and economic concerns at
different spatio-temporal scales [39]. This brings about its many interpretations [40]. Scholars and
practitioners do not have a solid consensus about what is to be sustained, what is to be developed,
how to link environment and development, and for what extent of time [41]. However, the most
focused understanding lies with the “the triple bottom line” sustainable development approach, which
considers environmental quality, economic prosperity and social justice [42]. As a matter of fact,
sustainability represents a nested hierarchy consisting of environment, society and economy as living
environment, which enables human society to build an economic system that is not a threat to the
environment [43]. Furthermore, in recent years “the quadruple bottom line” sustainable development
perspective, also involving the governance domain, has gained a wider acceptance.

Today more than half of the world’s population lives in urban areas, and the future of humanity
is absolutely urban [44]. Urban areas are the centre of economic development where sustainability
is a critical concern [45]. It is not only due to the concentration of the human and financial resources,
but also due to the phenomenal growth of urban centres and increasing share of urban population
globally [46,47]. In cities, depletion of natural resources and destruction of natural areas are the usual
costs of an improved quality of life that disrupts urban ecosystems [48]. There is no other option
remaining to achieve the prosperity in urban development without considering the sustainability
in planning and development—or “sustainable urban development” [49]. In sustainable urban
development, the primary goal is to make cities and their ecosystems healthy and sustainable over
time in terms of their environmental, economic and social dimensions [50]. This perspective gives
birth to the concepts of “sustainable cities” and “sustainable urban ecosystems”. The sustainable cities
concept has brought the need for rethinking of sustainable urban development practices considering
the size of cities [51].

Böhringer and Jochem [52] present a quite convincing view on the development of sustainable
cities; an issue that cannot be clearly measured, and is difficult to improve. Bell and Morse [53]
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indicate that quantification has limitations, and clearly it is not possible to measure all of the human
experience; and clearly there is a trade-off between necessary simplifications and at the same time
having sustainability indicators that are meaningful. Today, more and more cities are prioritizing
assessment of sustainability of their cities or urban development; and many local governments have
made efforts to develop thorough appraisal schemes with consideration for environment, society and
economy dimensions—in line with the triple bottom approach [54–56]. However, current research and
practice expose that sustainability assessment process itself raises weakness and threats, which need to
be improved, especially in comparative analysis [57–60].

Stipulated by Yigitcanlar et al. [61], prosperity and environmental sustainability of cities are
inextricably linked; therefore, cities can only maintain their prosperity when environmental and
social objectives are fully integrated with economic goals. In the light of this view during the last
two decades, many cities of the developed world have introduced new frameworks and guidelines
to incorporate sustainability in their urban planning and development processes. In Europe, for
instance, the report “Sustainable Urban Development in the European Union: A Framework for
Action” [62] and the Leipzig Charter [63] are the primary policy documents, which have set up the
strategies for urban sustainability to be practiced by national and local governments. Additionally,
many national scale documents have placed sustainable urban development as the prime objective
of planning and development, such as the Fifth National Policy Document on Spatial Planning in
the Netherlands [64], and Planning Policy Statement 1 in the UK [65]. There are also numerous local
efforts to promote sustainable city formation via the leverage of urban planning and design. An earlier
practice analysis by Berke and Conroy [66] in 30 American cities reveal that no significant differences
in how extensively sustainability principles are supported between the plans that state an intention to
integrate sustainable urban development and those that do not. However, in recent years, planning
efforts of many local governments from Europe, North America and Australia have figured out new
and innovative ways to better integrate sustainability principles, technologies and frameworks in
their planning schemes [67–70]. Furthermore, some efforts—with limited success so far—are also
put in place in the context of developing countries including China, Korea, Malaysia, Turkey, and
Vietnam [71–74]. However, a lot more needs to be done to improve the conditions especially in the
rapidly emerging economies of the developing world [75,76].

Besides national and international guidelines and frameworks, academia and industry have also
contributed to develop sustainability assessment methods and tools [77]. These tools and methods
have provided support for making better decisions in the sustainable development processes [78–81].
Furthermore, growing awareness also has an important impact on some of the industry practices today,
as we witness the appearance of new sustainable businesses and green technology firms [82,83]. On this
very point, Utting [84] identifies the role and responsibilities of corporate businesses for adopting
policies and practices to support and promote sustainable (urban) development. The key promoters
for implementation of sustainability management in industries include the “World Business Council
for Sustainable Development” [85], “Global Reporting Initiative” [86], “Organisation for Economic
Co-operation and Development’s Sustainable Development Standards” [87], and “United Nation’s
Transforming Our World: the 2030 Agenda for Sustainable Development” [88]. The United Nation’s
2030 Agenda declares that global challenges—e.g., extreme poverty, environmental degradation, and
climate change—can only be solved if all parties contribute to implement the “Sustainable Development
Goals” [89,90]. This view is highly critical, as the realization of sustainable cities cannot be achieved
without all businesses and governments going sustainable along with the communities as a whole
in all countries [91]. Furthermore, the rapid advancements in the domain of urban technologies are
also seen as a significant contributor to the efforts in dealing with unsustainable outcomes produced
from our cities [92]. This technology perspective eventually led to the development of a new city
brand—so-called “smart cities” that symbolises a new kind of technology-led sustainable urban
utopia [93,94].
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Review of the key literature finds that majority of academic research focuses on the planning
and development aspects of sustainable cities, while issues related to their governance seems to be in
neglect [95]. As much as planning and development of sustainable cities, these cities’ management or
governance is also a highly crucial and also challenging task—as urban governance and sustainability
are rapidly becoming key issues in cities all around the world—thus need further attention from
scholars [96]. Yigitcanlar and Teriman [97] suggest a continuous link between urban planning and
development processes in order to form an integrated mechanism for achieving sustainable outcomes.
While such integration is essential, we also suggest that the management process should be an
incorporated mechanism in the planning and development processes.

2. The Special Issue

We are all aware that cities around the globe are being redesigned to become more sustainable.
Despite significant research progress in sustainability and cities individually, relatively little
investigation has been made by integrating the two themes together. At least three types of environment
co-exist in a city—i.e., natural, artefact, and social—and each of these generate both positive and
negative externalities for a city [98]. As a result, diverse views prevail in relation to the sustainability
of cities. Some scholars argue that the term of sustainable cities is an oxymoron since cities cannot be
sustainable at all [99]. Others say that the idea is utopian [100]. Others assert that cities will, must, and
are becoming more and more sustainable [101].

Against this background, it is possible to state that there has been growing, but still rather
limited, research that systematically investigate sustainable cities, and the specific roles planning,
development and management plays in their formation, stimulation and sustained success. Given
that there is no formula that can unilaterally be applied in all of the urban environments to achieve
sustainability, this Special Issue aims to gather diverse views and report progress towards sustainable
cities. A fundamental objective of this Special Issue is to compile and present the cutting edge
work of researchers who focus on a joined-up thinking of both themes—i.e., sustainability and city.
By doing so, we believe this Special Issue on “Planning, Development and Management of Sustainable
Cities” contributes to the knowledge pool in this area, particularly with new evidence driven from
empirical research.

Following this guest editorial commentary, the Special Issue includes the following case study,
review and research papers:

(1) Article: “Typology of Cities based on City Biodiversity Index: Exploring Biodiversity Potentials
and Possible Collaborations among Japanese Cities” by Yuta Uchiyama, Kengo Hayashi and
Ryo Kohsaka

(2) Article: “The Influence of Low-Frequency Noise Pollution on the Quality of Life and Place in
Sustainable Cities: A Case Study from Northern Portugal” by Juliana Araújo Alves, Lígia Torres
Silva and Paula Cristina C. Remoaldo

(3) Article: “Sustainable Water Infrastructure Asset Management: A Gap Analysis of Customer and
Service Provider Perspectives” by Sangjong Han, Hwankook Hwang, Seonghoon Kim, Gyu Seok
Baek and Joonhong Park

(4) Article: “Moving towards Sustainability: Road Grades and On-Road Emissions of Heavy-Duty
Vehicles: A Case Study” by Wendan Zhang, Jian Lu, Ping Xu and Yi Zhang

(5) Article: “Visualization of a City Sustainability Index (CSI): Towards Transdisciplinary Approaches
Involving Multiple Stakeholders” by Koichiro Mori, Toyonobu Fujii, Tsuguta Yamashita, Yutaka
Mimura, Yuta Uchiyama and Kengo Hayashi

(6) Case Report: “Assessing Sustainability of Mixed Use Neighbourhoods through Residents’
Travel Behaviour and Perception: The Case of Nagpur, India” by Sarika Bahadure and
Rajashree Kotharkar
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(7) Review: “Ecologizing Our Cities: A Particular, Process-Function View of Southern California,
from within Complexity” by Ashwani Vasishth

(8) Article: “A Framework for Sustainable Urban Water Management through Demand and Supply
Forecasting: The Case of Istanbul” by Murat Yalçıntaş, Melih Bulu, Murat Küçükvar and
Hamidreza Samadi

(9) Article: “Application of Environmental Change Efficiency to the Sustainability of Urban
Development at the Neighborhood Level” by Hsing-Fu Kuo and Ko-Wan Tsou

(10) Article: “Spatio-Temporal Features of China’s Urban Fires: An Investigation with Reference to
Gross Domestic Product and Humidity” by Zhenbo Wang, Xiaorui Zhang and Bo Xu

(11) Article: “Critical Connections: The Role of the Built Environment Sector in Delivering Green
Cities and a Green Economy” by Peter Newton and Peter Newman

(12) Article: “Framing Processes in the Envisioning of Low-Carbon, Resilient Cities: Results from Two
Visioning Exercises” by Stephen McGrail, A. Idil Gaziulusoy and Paul Twomey

(13) Article: “Aligning Public Participation to Stakeholders’ Sustainability Literacy: A Case Study on
Sustainable Urban Development in Phoenix, Arizona” by Matthew Cohen, Arnim Wiek, Braden
Kay and John Harlow

(14) Article: “Managing Knowledge to Promote Sustainability in Australian Transport Infrastructure
Projects” by Jay Yang, Mei Yuan, Tan Yigitcanlar, Peter Newman and Frank Schultmann

(15) Article: “Sustainable Urban Transport in the Developing World: Beyond Megacities” by Dorina
Pojani and Dominic Stead

(16) Review: “Trees in Canadian Cities: Indispensable Life Form for Urban Sustainability” by Peter N.
Duinker, Camilo Ordóñez, James W. N. Steenberg, Kyle H. Miller, Sydney A. Toni and Sophie
A. Nitoslawski

(17) Article: “The Bumpy Road toward Low-Energy Urban Mobility: Case Studies from Two UK
Cities” by Tim Schwanen

(18) Article: “Scaling-up Strategy as an Appropriate Approach for Sustainable New Town
Development? Lessons from Wujin, Changzhou, China” by Hao Chen, Qiyan Wu, Jianquan
Cheng, Zhifei Ma and Weixuan Song

(19) Article: “Neighborhood Sustainability Assessment: Evaluating Residential Development
Sustainability in a Developing Country Context” by Tan Yigitcanlar, Md. Kamruzzaman and
Suharto Teriman

(20) Article: “Regional Open Innovation Roadmapping: A New Framework for Innovation-Based
Regional Development” by Wim Schwerdtner, Rosemarie Siebert, Maria Busse and Ulf
B. Freisinger

(21) Article: “Incorporating Bio-Physical Sciences into a Decision Support Tool for Sustainable Urban
Planning” by Zina Mitraka, Emmanouil Diamantakis, Nektarios Chrysoulakis, Eduardo Anselmo
Castro, Roberto San Jose, Ainhoa Gonzalez and Ivan Blecic

3. Concluding Remarks and Research Directions

The Special Issue generates new insights by investigating the sustainable cities from various
disciplinary angles (i.e., urban studies, urban planning, urban management, urban design, architecture,
civil engineering, construction management, regional science, environmental science, bio-physical
sciences, environmental planning, and knowledge management) and country contexts (i.e., Australia,
Canada, China, Germany, India, Japan, Malaysia, Portugal, Turkey, the UK, and the USA) as well as
international comparisons.

In the light of the sustainability related matters discussed by the contributors of the Special Issue,
we compile the following sets of generic research questions focusing on the “planning”, “development”,
and “management” domains of sustainable cities. We believe investigating these issues further in
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prospective research projects by scholars of this highly interdisciplinary field will shed light on better
conceptualization and practice of sustainable urban development and sustainable cities.

� What is a sustainable city supposed to be, and how can benchmarks be determined and set
considering sustainability is a vague term?

� What is the current status of cities and the inhibitors and threats on the way towards sustainable
urban development?

� What are the commonalities amongst cities that are moving towards sustainability, and what are
the factors of success and failure?

� How can sustainability frameworks be developed and applied, recognizing that every city is
unique, to the planning of cities?

� How can institutional and social capacities be developed and further enhanced for the formation
of sustainable cities?

� How can sustainable cities be governed to make sure that existing high sustainability levels are
maintained and improved over time?
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Abstract: The green agenda for cities and the economy in general is a major focus of global institutions
and is increasingly a major national and urban priority. Core issues and best practice for built
environment businesses were collated from published studies and used in a survey of Australian
firms to see how committed they were to the green economy. The results show high awareness of
the challenges and opportunities with 85% of firms having sustainability as an established agenda
with senior management and over 20% of built environment firms deriving more than 50% of their
sales from green products and services. This is much higher in design firms and is globally high.
Whilst recognizing the scope for more engagement by industry in transitioning to a low carbon green
economy, there is doubt within the built environment sector about how to create a business case for
innovative green ventures and a lack of certainty or encouragement from government about how
to proceed.

Keywords: green economy; built environment sector; eco-cities; sustainable urban development;
green innovation; low carbon economy; socio-technical transition

1. Introduction

The 21st century’s economy will be urban and green. The urban transition is advancing globally,
albeit unsustainably [1,2]. The green economy transition is in its infancy. Yet, like other revolutionary
socio-technical transitions before it, there are irrepressible sets of push and pull factors massing that
can trigger transformative change. The push factors are those capable of delivering innovation. New
technologies are among these as well as associated business strategies and practices and government
policies and programs that all need to shift towards facilitating this new economy. The pull factors
are also clear and relate, among others, to the challenge of creating sustainable and resilient built
environments capable of functioning within the ecosystem limits of a single planet subject to climate
change and forecast to be home to 9 billion people by 2050 [3,4].

This study represents a first attempt within Australia to explore the critical connections that exist
between cities and the built environment industries that plan and manage them. Particular focus
is on the extent to which these industries are operating in a manner that can deliver much needed
sustainable regenerative urban development in the 21st century and contribute to the emergence of a
green economy more broadly. It is based on a 2013 survey of 173 senior managers in both private and
public sector built environment organizations with membership in national industry associations with
acknowledged sustainability objectives.

Sustainability 2015, 7, 9417–9443; doi:10.3390/su7079417 www.mdpi.com/journal/sustainability11
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Cities will be critical to sustainable urban development in the 21st century. A transition to
sustainable urban development will, however, require a socio-technical transformation of a scale and
complexity similar to that of the industrial revolution. The first created a factor of 20 fold increase
in productivity. A green revolution will require a further increase by at least a factor of 4 or 5 which
means that levels of wealth could double while cutting resource use by 50% or even 80% as suggested
and illustrated by Von Weisacker et al. [5]. The second, post-industrial revolution is centered on
sustainable development as initially articulated by the United Nations [6,7] and by much scholarship
and public discussion over subsequent decades (see Figure 1). The graph depicts the volume of articles
using the term “sustainability” that were published annually since the Brundtland Report using the
search engine Factiva, an on-line tool that aggregates searchable content from over 10,000 licensed
sources such as newspapers, journals, magazines, TV and radio transcripts and newswires worldwide,
covering most languages.

Sustainability focuses on the need to ensure that human activities and the systems within which
they operate (e.g., our human settlements and their populations) can continue into the future—within
the earth’s planetary boundaries [8].

Figure 1. Trajectories of counts of the term “sustainability” in print. (Source: derived from [9] using
key word “sustainability”.)

The progressively growing interest in the subject of sustainability, especially in those developed
societies that have the human, social and financial capital to implement transformative change has
somewhat stalled though they remain the main source of green products and services. The Global
Financial Crisis in North America in 2007–2008 has had knock-on effects globally, with European
governments in particular having additional sovereign risk challenges that diminished fiscal support
for investment in innovative (longer term) sustainable production and consumption programs in
favor of those deemed “shovel-ready” (and job-saving). During this period, many government
departments with responsibility for metropolitan planning and development replaced “sustainability”
with “livability” or “productivity” as their principal objective, given their clear economic connection
to the attraction of international investment and skilled labor . . . both of which are highly mobile in
the 21st century and focused on cities. Cities in North America, Australia and New Zealand and, to a
lesser extent, Europe achieve their livability and productivity rankings as a result of their high levels
of resource consumption and greenhouse gas emissions [1] though decoupling of wealth from fossil
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fuels is now progressing [10]. Cities in developing countries such as China are also aspiring to create
more livable built environments as they rapidly urbanize with substantial ecological footprints in fast
growing cities such as Beijing and Shanghai; however, they too are beginning to decouple like those in
developed countries [10].

The principal global challenges are threefold. First, we live in a carbon constrained world which
is witnessing increasing concentrations of greenhouse gases in the earth’s atmosphere capable of
triggering climate change of a scale which could take centuries to reverse [11,12]. How we generate
and consume energy is central to this issue. Second, we live in a resource constrained world where
peak oil, water shortages, decline in agricultural land and loss of biodiversity are indications that our
harvesting of the earth’s natural resources is now occurring at a rate which is exceeding replacement
rate [13,14]. Our patterns of consumption of housing, travel, water and manufactured products are
central to this issue [15]. Population growth—forecast to reach nine billion by 2050—when coupled with
per capita consumption defines the magnitude of the sustainability challenge. The task of transition
from unsustainable levels of consumption is a challenge for the citizens of developed countries in
North America, Western Europe and Australia that have ecological footprints three to four times the
global average. Concerns about the environmental impacts of consumption have been registered in
the OECD [16] with forecasts that consumption pressure is expected to intensify significantly by 2030.
Forecasts have been advanced of major economic and social disruption or collapse associated with
continued business as usual operations by industries, governments and communities [17] unless there
is radical change. Third, we live in a world of increasingly concentrated populations, with the world’s
9 billion-population forecast to be 70% urban by 2050, though this remains a question as to whether it
helps or hinders the reduction in footprint [10].

The 21st century sustainability challenge will focus on cities, their future mode of development
and redevelopment and their resilience to a mix of exogenous and endogenous forces now in play. In
developed societies these have been recently catalogued [18]. The exogenous factors mirror those listed
above: resource constraints (land, water, raw materials, oil); climate change (and its link to sea level rise
and its impact on urban infrastructure; increased temperatures and changes to rainfall frequency and
intensity—flooding in some locales, drought and heat extremes and megafires in others); bio-security
(including pandemics) and financial uncertainty. The endogenous factors reflect the contemporary
context and dynamics of each individual city: the quality of its existing buildings and infrastructure;
its human and social capital and levels of social and spatial disadvantage; its governance structures; its
urban environmental quality and the nature and trajectory of its economic base. In this context, a wide
range of international, national and metropolitan studies of city performance continue to catalogue
deficiencies across the spectrum of human settlement indicators associated with environmental quality
and metabolism, economic productivity and competitiveness, liveability and social inclusion—all
of which are inter-related dimensions that characterise the current state of sustainability of urban
development [19].

A transition to sustainable urban development will require the emergence of a new form of
(green) capitalism based on sustainability principles that embraces social and environmental as well as
economic objectives capable of redressing this growing list of problems. The challenge confronting
this transition is immense and is the topic of much contemporary debate [20]. To be successful,
the urban sustainability transition will need to be closely integrated with and be a key driver of
the emergence of a green economy. They are critically connected (see Figure 2) and represent the
transition arena within which significant urban innovation is required. As current urban sustainability
transition theory indicates; however, innovation capable of transformative change currently faces
formidable challenges from well-established regimes that represent entrenched industrial, governance
and consumer practices [1,21,22].

A range of (green) physical infrastructures are required to support urban living: transport, energy,
water, waste, communications and buildings. The consensus is that the sustainability performance of
each is currently poor, given that they all emerged in an era where there were few resource constraints

13



Sustainability 2015, 7, 9417–9443

and climate constraints. Next generation infrastructures and urban designs will need to demonstrate
significantly greater eco-efficiency and resilience in their operation than those that they need to
replace [23]. The demand for new urban infrastructures and green services represents the trigger for a
raft of innovative infrastructure technologies to move more widely into the urban marketplace [22].
In the energy sector, this relates primarily to renewable energy and the speed with which it can
penetrate a currently dominant fossil fuel based regime. The resistance being faced in countries with
significant fossil fuel endowments or dependencies is shaped by the threat to business and investors
of holding the wrong assets. Recent divestment of fossil fuel stocks is a signal that green capitalism
will also be based on creative destruction [24]. However, in this era increasingly centred on new
technologies that out-perform existing technologies on sustainability criteria, there will need to be
widespread acceptance of rapid change across all industry sectors.

Figure 2. Critical connections: green economy, green urban infrastructure and green (eco) cities.
Source: [22].

Figure 2 also indicates that cities will constitute a geographic locus for green industry location,
given the innovative capacity agglomeration economies deliver to firms generally as well as providing
the extensive customer base for new green products and services. It is this spatial convergence of
supply and demand forces that will underpin the emergence of a green urbanism and the eco-city [25].
A common feature for the sustainability transition, irrespective of sector, will be the critical normative
goals addressed: using resources more efficiently and reducing non-renewable resource consumption,
reducing emissions and utilising wastes as resources, restoring environmental quality, enhancing

14



Sustainability 2015, 7, 9417–9443

human wellbeing, and developing better functioning cities. In all these arenas, governments have
a major role to play in setting performance benchmarks and targets for industry and community to
achieve, given the challenges that are to be overcome that are beyond any previous era. Consumers
are also central to this transition in terms of the signals they send to both industry and government
that they are demanding more sustainable living environments (housing, transport/mobility, energy)
and domestic products. At present, these demand signals are not strong [15,26] and as such represent
a challenge (risk) for organisational strategies attempting to introduce more sustainable products and
services to the market.

In the next section, we attempt a sketch of some of the dimensions of a green economy as it begins
to emerge. We then proceed to explore the directions that Australia’s built environment industries are
taking as reflected in senior management’s thinking about their company’s sustainability practices
and green growth strategies. They are critical to a green economy transition. The manner in which
they assess the strengths, weaknesses, opportunities and threats in their operating environment
(see Figure 3)—with particular reference to the current and likely future practices of governments and
consumers—will influence the rate at which they are likely to innovate and explore new areas for
products and services. The results from a survey of built environment firms undertaken by the authors
constitute a marker in assessing the progress towards a green economy and green cities in Australia
and internationally.

2. Critical Connections

2.1. Green Economy

At a broad conceptual level, a green economy can be defined as one that is sensitive to and
not destructive of the environment. It involves a transition from the current model of development
that continues to give primacy to economic decisions in isolation and assumes that environmental
problems and externalities can be solved or accommodated if the economy is sound. It is based on an
integration of ecological thinking and innovation into all social and economic planning by government
and industry from the beginning, not after the issues have been framed. It involves recognition
that the macro-economy is part of a larger natural ecosystem and resource base, which has capacity
constraints that will be severely tested in this century [2,27]. It involves what some authors (e.g., [28])
have termed eco-positive development, where focus is on making positive contributions to the public
realm and ecological base in contrast to the present approach of merely attempting to minimise the
negatives associated with economic development and city building. Others have termed it restorative
or regenerative development [29,30]. We are currently at some distance from embracing this paradigm,
though it remains the kind of long-term goal needed to transform our cities.

To date, the most influential advocates for a green economy have been from international agencies
such as the United Nations and OECD that are seeking to establish a new global platform for sustainable
development. These global policy agendas (e.g., [31–36]) are presented as a backdrop against which
more specific national policy agendas are emerging. The Green Growth agenda has been pursued by
many emerging nations e.g., Vietnam, Indonesia, China etc. following the lead of Korea [37]. A number
of initiatives, such as those out of Asia (e.g., [34,35,37]) are focusing on projects capable of delivering
blueprints for low carbon green growth at a national scale. Since the era of sustainability strategies
developed out of the Rio process, the focus of most Western countries (e.g., USA), has centred more on
green energy and green jobs, driven by national interests related to energy security and creating new
industries capable of generating new jobs in an era of slow growth. Europe has led the world in green
economy strategies through a range of initiatives developed through the EU (again, see Figure 1) [38].

The academic literature in this area has attracted a range of authors from a variety of disciplines,
each of whom view the green economy through different sets of lenses [39–44]. Titles on the green
economy are being written from a diverse range of perspectives, e.g., economic [45], from an industry
location and employment perspective [46], from an education and training perspective [47] and from a
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broad societal governance perspective. Milani [48] suggests that the green economy will emerge from
the bottom up, through public opinion and new social movements. The role of business is explored in
various ways: Brown [49] puts the responsibility for bringing about the transition to an eco-economy
almost exclusively into the hands of the state (via the three principle levers available to governments:
regulation, subsidies/incentives and pricing/taxing instruments); while Hatfield-Dodds et.al. [50]
argue that both government and industry have a role, especially considering that the business sector
is beginning to emerge as a central player in strategic thinking and planning about sustainability.
MIT [51] shows who are the leaders in this transition. These are issues that will be explored via an
industry survey that follows in the Greening Business section.

The emergence of green business rankings [52] (which quantify the ecological footprints, policies
and reputations of the US top 500 and Global top 100 businesses) and Clean Tech indexes [53] among
others are following in the wake of the earlier and broader-based corporate sustainability (triple
bottom line-based) rankings of companies e.g., Dow Jones Sustainability Index; Australian Sustainable
Asset Management Index (see [54,55]). The former group (green rankings) are indicative of the
changes beginning to enter all industry sectors that will shine a spotlight on corporate environmental
performance. In addition, how businesses in the built environment sector in Australia are attempting
to measure the performance of their organisations beyond profit and shareholder value dimensions is
examined in the following section.

In its narrowest sense, the green economy has been seen to revolve primarily around energy and
the transition from fossil fuels to renewables [56,57]. This is sometimes referred to as the “de-coupling”
agenda where GDP and GHG are decoupled—wealth grows and footprint declines [10,56]. In its
broader sense, it can be seen to embrace all major sectors of the economy creating opportunities for
innovations that enable achievement of green goals relevant to industries within those sectors [47]
as well as being found in green industrial clusters [58]. In fact the emerging concepts of the green
economy cross over the different sectors and are not easily separated under these older classification
systems. Some examples are provided in Table 1.

It is clear that there have been major opportunities in all industry sectors for some time to create
greener products and services—that are demonstrably superior in performance to those currently in
the marketplace. Transition is a socio-technical process, however [1] where multiple barriers exist to the
diffusion of a more eco-efficient product. In the auto industry, for example, strategies for transitioning
to hybrid and electric vehicle manufacturing would have been on corporate radar screens for decades,
but given the power of the entrenched ICE (internal combustion engine) and fossil fuel industries,
and an absence of drivers from governments and customers, triggers for change have lagged. Table 1
outlines the key concepts for business that need to be the focus of their agenda if they are to contribute
to competitive, productive and liveable cities in the next major economic wave of innovation related to
sustainable development. The green goals used in this table were provided to businesses in Australia
as the basis of a survey to ascertain their commitment to the green economy, thus helping to define the
meaning of “green” to these businesses.
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Table 1. Greening the economy: key sectors and green goals.

Industry Sectors Green Goals Associated with Sector

Manufacturing Cradle-to-cradle manufacture; closed loop production; industrial ecology
clusters; circular economy; green materials manufacture

Energy Utilities Renewables; distributed (local) generation; energy efficiency; smart grid

Water Utilities Integrated (stormwater, wastewater) systems; water sensitive urban design;
city as catchment

Waste Reduction, reuse, recycling, and materials reforming; eco-industrial
development; closed loop planning

Property and Construction
Smart, green building design; virtual design and construction; constructed as
designed; life cycle analysis entrenched together with Building Information
Modelling ; green supply chain; design for deconstruction

Trade (Retail/Wholesale) Zero waste (packaging, food etc.); carbon management; carbon neutral
products

Transport Hybrid, electric, hydrogen vehicles; land use-transport integration; active
transport; extensive public transport

Finance and Property Green accounting; urban retrofitting; building accreditation; green loans;
green bonds

Services Zero waste; reduced consumption, carbon management; e-services

Government

Green procurement; de-coupling policies; sector-specific decarbonising
schemes; eco-efficient regulation; green performance targets for own
operations as well as industry and population; product labelling
(declarations), standards, rating

2.2. Surveying the Greening of Business

Nations and firms are increasingly aware of the need to be ahead of or at least in touch with the
next new wave of innovation [59] and are seeking to identify what will give rise to the new areas
of innovation. For a major societal transformation to occur—such as to a green economy—there
needs to be an associated critical mass of new and emerging enabling technologies capable of
being linked to a clearly recognised and pressing need in the marketplace—in this instance, the
“wicked” challenges of 21st century sustainable development (economic, social and environmental).
Earlier socio-technical and economic transitions can be seen to have conferred significant first mover
advantages to those firms, regions and nations that have been adept at nurturing the development and
implementation of innovative technologies, e.g., Detroit and the auto industry; Silicon Valley’s role in
the information technology revolution; and the more diverse but locally significant spatial clusters
in the biotechnology industry [60]. The emergence of green industrial clusters has been identified by
Davies [58]. Advantages also accrue to those organisations capable of “sudden catch-up” [59], that
is, adopting and adapting the new technology products or processes to current business operations.
Slow catch-up (laggards) is to be avoided—by firms as well as governments. Indeed, the window
of opportunity for transitioning to a green economy and a more sustainable society—without major
social and economic upheaval—is seen to be narrowing [5,14,50,61].

At a macro-economic level, new classes of employment and local economic development are
associated with the development of new “engines” of an economy. The attraction of green industries
and green jobs is high on the radar screens of governments in many developed and major developing
countries—seeking new employment opportunities for economies that have experienced a global
recession and have growing populations seeking work [62]. Global trade and national balance of
payments is also a significant driver. Even authoritarian governments like the Gulf States and China
are implementing green economy strategies. Friedman [63,64] (p. 11), reports on a three sentence
summary of China’s modern economic history provided to him by C.H. Tung, the first Chief Executive
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of Hong Kong: “China was asleep during the industrial revolution. She was just waking during the
information technology revolution. She intends to participate fully in the green revolution”. China has
led all nations in the level of investment made in green industries during and after the 2008–2009 global
financial crisis [65,66]. In Australia, the federal government from 2007 to 2013 was committed to a range
of green economy initiatives including Infrastructure Australia that ensured all infrastructure decisions
included commitments to decarbonising the economy and the Clean Energy Package of policies that
included a carbon tax and facilitation of renewable energy. The election of a conservative neo-liberal
federal government in September 2013 led to a major retreat in public policy and expenditure on most
fronts related to climate change (e.g., renewable energy targets were reduced) and the environment.
Continued lack of bipartisan agreement in these areas in Australia creates uncertainty and risk for
business planning and investment in green industry. This stands in marked contrast to Britain’s three
main political parties who made a joint commitment at the beginning of 2015 to cut greenhouse gas
emissions by 80% (compared to 1990 levels) by 2050. Nevertheless at a state and local level there are
many initiatives being taken to assist the development of the green economy in Australia, e.g., a low
carbon procurement model is being developed in the state of New South Wales [67].

At a micro-economic level, determining sustainability’s strategic worth to companies continues to
be an area of increasing focus among leaders of business and is of continued interest to the research
community [51,68–70]. From a survey of literature in this area, an attempt was made by the authors to
create a “map” of the strategic and operational issues and indicators that could be seen to define the
state of progress in an organisation’s transition to adoption of sustainability principles and practices to
their operations. The key elements of this “map” are found in Figure 3.

These Elements relate to:

(1) An organisation’s current and expected future operating environment (what transition theorists
term “the landscape”). Included here are the (external) threats and opportunities as well as the
(internal) strengths and weaknesses of the firm as reflected in the current company “profile” . . .
the traditional SWOT factors.

(2) Whether the corporate strategies of the private sector organisations are beginning to catalogue and
target new market opportunities connected with emerging environmental challenges; whether
sustainability issues are a permanent fixture on the agenda of senior managers; whether the
firm’s business model has changed as a result of issues surrounding sustainability; establishing
the level of difficulty management has in evaluating the business case for sustainability; whether
the firm’s green services or products can make a net positive contribution to the prosperity of the
firm; establishing where “niche innovation” is possible and how can it be financed?

(3) Whether organisations demonstrate sustainable performance of their own operations; e.g., is
the ecological footprint of their operations shrinking? And is employee productivity, health and
well-being being enhanced? Is there regular monitoring and reporting?

(4) Areas where government can assist business in creating an environment conducive to low
carbon green growth. Conditions conducive to longer term planning and investment need to be
created by governments where firms can have a measure of confidence that by more aggressively
pursuing green strategies they will not unduly raise the risk of being exposed to a sudden change
of public policy. Post-2013, Australia’s federal political parties have shown a diminished vision
and a lack of bipartisanship in relation to green economy thinking and planning, and have instead
provided only short-term programs linked to electoral cycles that seem to demand policies that
are friendly to voters and established (fossil fuel based) industries. This is not conducive to
creating an environment for transitioning to green growth.
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Figure 3. Facets of a sustainable organization.

2.2.1. Survey Population

In order to explore these issues, an on-line survey was undertaken of senior executives
and managers belonging to organisations in the built environment sector in Australia who were
members of either the Green Building Council of Australia (GBCA), Infrastructure Partnerships
Australia (IPA), Infrastructure Sustainability Council of Australia ISCA) or Engineers Australia
(EA; more specifically, members of the Environmental College and the Society of Sustainability
and Environmental Engineers)—all with knowledge of corporate strategy and performance of
their respective organisations. The four industry associations who collaborated in this survey by
facilitating contact with the relevant executives and managers also have established reputations for
their progressive attitudes to corporate sustainability reporting. A total of 173 completed questionnaires
were obtained from the national survey, undertaken in mid 2013: 85% from private sector firms and 15%
from public sector agencies. Of the total respondents, 30% operated in a single state, 26% in multiple
states, 12% in all seven states, 11% in Australia and the Pacific and 21% in Australia and globally.
Ninety percent were headquartered in the capital cities (60% Sydney and Melbourne). Responses were
received from organisations across the size spectrum, with 40% from SMEs (fewer than 50 employees),
17%, 50–200, 19%, 200–1000, 17%, 1000–10,000 and 6%, over 10,000. Questionnaires developed for this
survey are presented in Newton and Newman (2013). As the built environment sector is represented
by a wide spectrum of private sector firms, it was decided to aggregate responses for analysis and
reporting purposes into three groups: design (38% of total), building product manufacturers and
construction (37%); and property services (25%). Depending upon the topic under analysis, responses
will be presented as an analysis of the total sample, private versus public sector or comparison of
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responses by the three private sector groupings. The findings are presented in relation to the set of
topics for investigation outlined in the previous section.

2.2.2. Business Perceptions of Operating Environment and Key Challenges

A formidable set of challenges with implications for built environment sustainability and resilience
are now confronting all societies and their economies as outlined above. Private sector firms as well as
public sector organisations have been confronted with the task of establishing management strategies
and making investments that can advance their operations and at the same time contribute net positive
benefits to the regions in which they operate. The manner in which the organisations responding to
this survey have rated the challenges are instructive (see Table 2).

Table 2. Rating of challenge to the company in the next five years (private firms only).

Area of Challenge
Level of Challenge (%)

1 (Low) 2 3 (Moderate) 4 5 (Major) Not Applicable
Technological (n = 156)

Acquiring and/or adapting new low carbon technology 18.6 12.2 40.4 13.5 5.8 9.6
Limited Australian R&D capacity 18.6 16.0 21.8 16.0 13.5 14.1

Identifying emerging new technology and assessing
relevance to business 10.3 14.7 41.0 22.4 10.3 1.3

Market Related (n = 156)

Responding to changing market conditions 7.7 11.5 28.8 28.8 19.9 3.2
Increasing competition in Australian markets 8.3 12.2 16.7 30.8 23.7 8.3

Increasing competition in global market 14.1 9.0 22.4 24.4 12.8 17.3
International trade barriers to export of products and

services 28.8 11.5 17.9 4.5 3.2 34.0

Whether customers are willing to pay a premium for
green products, services 6.4 10.3 26.9 23.7 31.4 1.3

Competitors increasing commitment to sustainability,
green products/services faster than expected 18.6 17.3 31.4 17.9 5.1 9.6

Government Related (n = 156)

Addressing impact of government regulations, standards
etc./maintaining “licence to operate” on our business 9.6 16.7 30.8 20.5 15.4 7.1

Lack of certainty regarding government
policies/legislation 5.8 10.3 28.8 20.5 30.8 3.8

Financial (n = 156)

Taxation policy (e.g., carbon tax, corporate tax etc.) 14.7 21.2 33.3 18.6 7.7 4.5
Global financial uncertainties 5.8 12.8 32.1 28.8 16.0 4.5

Cost of capital, borrowing 14.7 23.7 30.8 15.4 7.7 7.7
Access to capital 14.7 22.4 29.5 11.5 13.5 8.3
Growing revenue 5.1 10.9 28.2 35.9 15.4 4.5

Staff Related (n = 153)

Acquiring necessary skills/competing for new talent 6.5 13.7 37.3 24.2 16.3 2.0
Shortage of skilled labour 15.7 19.0 35.3 17.6 10.5 2.0
Attracting talented people 9.8 21.6 27.5 26.8 13.1 1.3

Retaining and motivating existing employees 7.2 23.5 35.3 24.2 7.8 2.0

Business Operations (n = 153)

Reducing costs and increasing efficiencies 3.3 11.1 31.4 33.3 20.9 0.0
Innovating to achieve competitive differentiation 5.9 8.5 26.8 38.6 15.7 4.6

Responding effectively to threats and opportunities of
sustainability 5.9 15.0 36.6 29.4 11.1 2.0

Increasing operating speed and adaptability 2.6 17.6 32.0 30.7 13.1 3.9
Responding effectively to disruption of our business

model 5.9 24.2 33.3 24.2 7.2 5.2

Stricter requirements from partners along the value chain 11.8 25.0 29.6 16.4 3.9 13.2

Externalities (n = 153)

Climate change adaptation (increasing temperature, sea
level, rainfall, variability etc.) challenges for your

company
26.8 22.9 21.6 13.7 5.2 9.8

Shortage (high cost) of material inputs to company
operations 21.6 22.2 22.2 13.1 3.9 17.0
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In line with previously published studies in this area [71], we found that while 88% of companies
indicated that sustainability is permanently on their agenda (see following section; Table 3), when this
issue is placed in the context of the large number of challenges that business needs to manage, it is rated
down the scale of importance. Responding effectively to threats and opportunities of sustainability
to their business are seen by 40% as a significant challenge (category 4 and 5 responses), but green
competition is only identified by 23% as such. Green technology is seen as something that can be
acquired relatively easily. Resource constraints and carbon constraints are rated as significant by less
than 20% of companies. The big challenge is understanding “whether customers are willing to pay
a premium for green products and services”. Sixty percent of respondents indicate that uncertainty
in this area is the key issue. Uncertainty rates high as a key challenge in other areas as well: global
financial markets (45%) and consistency of government (over 50%). Uncertainty in these three areas
ranks with issues of increased competition in the Australian market (54%), the challenges of growing
revenue (51%) and being innovative (54%) as the key targets on the radar screens of senior management
in the built environment industry.

2.2.3. Management and Sustainability

The survey findings suggest that issues relating to sustainability and carbon reduction are now a
permanent and core fixture on the agenda of built environment’s top management for over 40% of
surveyed organisations, with a higher representation among private sector companies (see Table 3).

Table 3. Sustainability as an agenda item with senior management. (Source: derived from Author
survey; [51].)

Private
n = 128

Public
n = 21

Total
n = 149

MIT
2010

MIT
2011

Design
n = 48

Mfg&Con
n = 47

Serv
n = 33

Already a permanent fixture and core
strategic consideration 43.0 38.1 42.3 24.0 28.0 60.4 31.9 33.3

On the agenda permanently, but not core 42.2 47.6 43.0 38.0 42.0 31.3 48.9 48.5
Temporarily on the agenda, but not core 12.5 14.3 12.8 22.0 19.0 6.3 17.0 15.2

Excluded from agenda, because viewed as
a passing fad 0.0 0.0 0.0 4.0 2.0 0.0 0.0 0.0

Never considered for the agenda 2.3 0.0 2.0 8.0 8.0 2.1 2.1 3.0
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Although the sample size of public organisations represented in this survey is small, there are
several topics where important differences appear to be emerging that the authors considered should
be reported (albeit with the above qualification). Most tables, however, are restricted to reporting
private sector responses. When these responses are segmented according to the major categories
of built environment industry it is clear that the design firms are significantly further advanced in
recognising the strategic importance of incorporating sustainability objectives in their business models
for competing for urban development projects. This is an area where new knowledge is emerging
capable of being added to other longer established dimensions of design innovation that can now make
a major contribution to achieving more eco-efficient outcomes on construction projects. International
comparisons suggest that Australian companies have elevated sustainability to a higher level of
corporate concern than their overseas counterparts [51] (a possible reflection of their membership of
those industry associations collaborating in the survey that have strong environmental objectives).

For 52% of private sector firms and 38% of public organisations, sustainability is being embedded
within all facets of their operations, and there remains only a very small percentage where sustainability
has not been addressed at all (Table 4).
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Table 4. Extent of sustainability penetration throughout organization.

Private
n = 124

Public
n = 21

Total
n = 145

Design Mfg&Con Services

Sustainability is being embedded within
all aspects of my organization’s operations 51.6 38.1 49.7 62.2 48.9 40.6

My organization addresses sustainability
as a separate, delineated activity 41.9 57.1 44.1 33.3 48.9 43.8

Sustainability has not been addressed in
my organization 6.5 4.8 6.2 4.4 2.1 15.6

Total 100.0 100.0 100.0 100.0 100.0 100.0

Not unexpectedly, perhaps, the design firms are further advanced in ensuring wide penetration of
sustainability thinking and processes compared to manufacturing and construction firms and property
services firms: 62%, 49% and 41% respectively. As design represents that phase of a project where
innovation potential is highest, with capacity to eventually impact all parts of a building or construction
project, it can be expected that sustainability outcomes will become more and more mainstreamed into
built environment products and processes in future.

It is evident that a significant proportion of built environment organisation’s business models
have changed as a result of issues surrounding sustainability and low carbon development (Table 5).

Table 5. Whether organizations’ business models have changed as a result of issues surrounding
sustainability and future low carbon development. (Source: derived from Authors survey; [71].)

Private
n = 129

Public
n = 21

Total
n = 150

Design Mfg&Const Services MIT 2011

Yes 45.7 42.9 45.3 47.9 55.3 29.4 46.0
No 50.4 42.9 49.3 47.9 40.4 67.6 40.0

I do not
know 3.9 14.3 5.3 4.2 4.3 3.9 14.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

A higher percentage of private sector organisations have effected some change, compared to
public sector organisations. A comparison of the three built environment industry segments reveals
that manufacturing and construction firms appear to have made more change to their business models
and property services least, reflecting the higher exposure to global competition by the former (and
larger) firms. Design firms may be (inadvisably) resting on their leadership in sustainability thinking
that has characterised this segment of industry to date. In addition, they were found to be not as
environmentally progressive when it came to monitoring their own day to day activities (e.g., water
and energy use, waste generation). Taken overall, the percentages associated with changed business
models are closely aligned to published studies of international organisations.

Part of the reason for lack of a higher level of progress in embedding sustainability more deeply
and effectively within private sector organisations is the level of difficulty they expressed in evaluating
the business case (see Table 6).
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Table 6. Level of difficulty expressed in evaluating the business case for sustainability related strategies
(private sector).

Issue
Level of Difficulty (%) Average

ScoreNot 2 Moderately 4 Very

Establishing financial incentives for considering
sustainability 7.3 15.3 23.4 34.7 19.4 3.44

Predicting customer response to sustainability
strategies 2.4 19.4 29.8 37.1 11.3 3.35

Quantifying intangible effects of sustainability
strategies (e.g., brand reputation, employee hiring,

retention and productivity)
7.3 21.8 21.8 31.5 17.7 3.31

Capturing comprehensive metrics about
sustainability impact of operations 6.5 18.5 35.5 26.6 12.9 3.21

Lack of model/framework for incorporating
sustainability in business cases 10.5 18.5 27.4 31.5 12.1 3.16

Uncertainty about future carbon pricing 13.7 14.5 35.5 18.5 17.7 3.12
Opposition from executives or influential individuals 12.1 22.6 25.8 23.4 16.1 3.09

Evaluating competing priorities 4.8 27.4 37.1 26.6 4.0 2.98
Quantifying sustainability-related risks 8.1 24.2 39.5 19.4 8.9 2.97

Note: n = 124.

All issues listed have a level of difficulty associated with their execution. Those heading the list
involve: the challenge of resolving uncertainties surrounding customer response and incentives;
predicting customer response to sustainability strategies; and quantifying intangible effects of
sustainability strategies (“reputation” being the principal attribute often referred to here; McKinsey,
2014 [70]. An analysis across the three built environment business segments revealed that the property
services firms had above average (>3.0 score) difficulty with all nine aspects of the business case,
compared to only three for design and seven for manufacturing and construction.

2.2.4. In-House Sustainability

Results of the survey suggest that the private sector is more alert to green business strategies and
opportunities external to the firm than the green credentials of its own internal operations. It is in
relation to in-house sustainability management and measurement that the public sector currently has
the lead (see Table 7).

Across the three built environment industry segments, some important differences emerged.
Design firms were ahead in relation to sustainability strategies involving committees, dedicated
managers, defined indicators and procurement, but the manufacturing and construction firms were
ahead in relation to the routine measurement of the environmental performance of the organisation
(a number of which would relate to their licence to operate). A major gap (in the order of 20%–30%)
common to all three segments related to the variation in measurement of energy (cost-related)
compared to CO2 emissions (environment-related), a reflection of the absence of targets or sanctions
that currently impact business operations in any tangible way.
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Table 7. In-house sustainability indicators (percent of responses indicating “present”).

Indicator
Private
n = 124

Public
n = 21

Total
n = 145

Design Mfg&Con Services

A formal sustainability policy/strategy 75.0 85.7 76.6 80.0 72.3 71.9
A senior sustainability manager role 47.6 52.4 48.3 55.6 38.3 50.0
Sustainability Board or committee 33.1 52.4 35.9 35.6 27.7 37.5

Key sustainability performance indicators (such
as feature in the Annual Report or its equivalent) 38.7 71.4 43.4 44.4 34.0 37.5

A sustainability-oriented procurement strategy 46.8 57.1 48.3 53.3 46.8 37.5

Routine measurement of the following:

Energy used 74.2 95.2 77.2 71.1 78.7 71.9
CO2 emissions generated 49.2 81.0 53.8 53.3 48.9 43.8

Water used 54.0 95.2 60.0 48.9 63.8 46.9
Other emissions to air (SO2, NO2 etc.) 16.9 9.5 15.9 4.4 31.9 12.5

Liquid waste 29.8 19.0 28.3 11.1 42.6 37.5
Solid waste 45.2 76.2 49.7 31.1 59.6 43.8

2.3. Measuring the Green Economy

A UNEP [32] (p. 454) report on the green economy has suggested that green industries are
dominated by service industries and tend to be concentrated in the largest consumer markets. There
is, however, an absence of research that attempts to measure how businesses are performing in this
respect. In this study we attempt to measure the significance of green business to an industry sector by
the proportion of an organisation’s incomes that are derived from providing green products or services
to meet current needs in the marketplace (Table 8).

Table 8. Proportion of organizations’ income derived from providing green products or services to
meet sustainability needs in the market place.

Proportion
Private
n = 145

Public
n = 26

Total
n = 171

Design Mfg&Con Services

100% 11.0 0.0 9.4 19.6 7.1 5.3
50%–99% 11.0 3.8 9.9 7.8 16.1 7.9
10%–49% 24.1 3.8 21.1 27.5 21.4 23.7
Less than

10% 40.7 42.3 40.9 39.2 41.1 42.1

None 13.1 50.0 18.7 5.9 14.3 21.1
Total 100.0 100.0 100.0 100.0 100.0 100.0

For built environment organisations in the public sector, over 90% derive either less than 10% or
no income from this source. In contrast, 22% of private sector firms are currently securing more than
half of their income from green products and services; but there appears to be considerable scope for
growth with over half currently having little or no involvement. Of those organisations deriving some
income from green business, the distribution between products and services is in line with UNEP [32]
findings (see Table 9).
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Table 9. Approximate proportion of “green income” due to green services as opposed to green products
(%).

Proportion
Private
n = 123

Public
n = 13

Total
n = 136

Design Mfg&Con Services

More than 90% services/10% products 52.0 61.5 52.9 85.4 13.3 56.7
70% services/30% products 2.4 0.0 2.2 0.0 6.7 0.0
50% services/50% products 6.5 7.7 6.6 2.1 11.1 6.7
30% services/70% products 10.6 7.7 10.3 4.2 20.0 6.7

Less than 10% services/90% products 28.5 23.1 27.9 8.3 48.9 30.0
Total 100.0 100.0 100.0 100.0 100.0 100.0

According to these findings, 52% of private sector firms receive more than 90% of their income
from services (vs. 62% in the public sector). Across the three built environment industry segments,
there is greater contrast: design firms derive over 85% of their green income from services, while for
manufacturing and construction firms approximately half is from green products, reflecting a greater
diversification of green business for this group (i.e., adding a service function to traditional product
activity). This is also the case for property services.

When we cross-classify these two measures of green business activity for private sector firms
(Table 10), we find that they are at varying stages of developing lines of business in these areas.

Table 10. Measuring green business activity in the built environment sector (private sector only).

Proportion of Total
Income Derived from

Green Lines of Business

Proportion of Firm Income from Services Versus Products

Mostly Products
(>50%)

Roughly 50:50%
Products and Services

Mostly Services
(>50%)

Total

100% 3.3 0.0 9.8 13.0
50%–99% 4.9 3.3 4.9 13.0
10%–49% 10.6 0.8 16.3 27.6

<10% 20.3 2.4 23.6 46.3
None 0.0 0.0 0.0 0.0
Total 39.0 6.5 54.5 100.0

Note: n = 123.

The study found that only 13% of companies derive all their revenue from either green products
or services, with a further 13% receiving at least half from this area of business. Green services have a
larger share of firm income but not by a large margin. The challenge is for the 46% of built environment
businesses that currently have less than 10% of their sales in green products and services to be actively
looking for such opportunities.

2.4. Locating Green Opportunities by the Private Sector

When built environment organisations were probed as to where they saw major opportunities
(Table 11) for delivering green products or services in the built environment sector, most of the
responses to this open-ended question did not identify new or cutting edge areas.
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Table 11. Targets for green business as identified by built environment industries.

General

Providing green services, products, technologies in response to increased awareness and demand—to meet
changing customer needs; wherever possible at a cost point that increases market interest (**)

New Products and Technologies to Drive Business Opportunities

Alternative (renewable, low carbon) energy sources, distributed generation (***)
Natural/hybrid ventilation systems; adiabatic cooling, solar shading (*)

Low energy lighting
Improved energy metering, monitoring, energy management systems, energy efficiency (EE)

Low VOC products, enhanced IEQ
Recycling of C&D waste/less waste (*)

Paperless operations—requires less storage/floorspace

New Services

Sustainability consulting
Resource minimization consulting

Carbon and/or sustainability rating and profiling of buildings, infrastructures, precincts
Financial packages/options for clean energy/EE

LCI/LCA assessment of products
Climate change planning and design

Centers of expertise aligned to needs of low carbon economy

Design

Design leadership; companies should challenge themselves to find new eco-efficient solutions; have a belief
that they can derive green designs at competitive cost; “find ways to produce cost effective sustainable

dwellings that produce a competitive edge for the company” (**)
Utilize GBCA products in design (***)

Sustainable precinct design (*)
Design to prescribed as well as increased levels of sustainability

Construction

Energy efficient retrofits (***)
Facility Management

Optimal building operating performance
Building with lower life cycle costs

Leadership

Be seen as a market leader in promoting sustainable built environment technologies (**)
Demonstrate credentials/points of difference with competitors

Educating Clients

Educating clients about longer term benefits of green design, green technology as a means of growing business
(**)

(*) represents similar comment by more than one respondent; (**) by at least three; (***) by five or more.

They represent incremental rather than the more innovative step change advances which are
considered necessary for any transformative urban sustainability transition (see [1] for a wider
discussion on the three horizons of urban technology innovation). They were mostly in areas
where the level of risk/uncertainty had diminished as a result of a sufficient number of successful
implementations over the past 10 to 15 years, which established the viability, and attractiveness of the
particular green product or service. Responses to another open-ended question “What needs to change
to create opportunities for low carbon green growth” revealed that there are a clearly defined set of
persistent and significant barriers that are a challenge to innovation in this sector (see Table 12) and to
the emergence of a green economy and eco-efficient cities.
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Table 12. What needs to change to create opportunities for business in relation to low carbon living
and low carbon green growth.

Government

Clarity, continuity, and commitment of governments (all levels) on direction for low carbon green growth in order
for business to adopt sustainability business model

Increase government regulations and audits
Energy/carbon legislative change that is appropriate and effective

Green standards and certification for products and services; life cycle product performance declarations need to be
mandatory

Application to life cycle assessment to all aspects of government—drive a whole of life approach
Green procurement

Industry

Locate and increase pools of investment capital to match company’s sustainability goals
Once large corporations change their business models, they represent a major opportunity/driver for smaller

consulting companies
Demonstration of connection between sustainable built environment and financial sustainability of organisation

Increasing global demand for new green products and services
Attitudes of company executives

Public

A cultural shift towards a greener way of life opens up a multitude of opportunities for new products and services
Increased education of consumers regarding carbon footprints of their behaviour/lifestyle

There are several areas where governments need to begin talking to their built environment
industries and businesses and general public more generally about how they can create critical
connections for a more sustainable and productive future.

3. The Carbon Challenge

As discussed earlier, in its narrowest sense, the green economy has been seen to revolve primarily
around energy and the transition from fossil fuels to renewables. The Australian Labor government
(2007–2013) introduced its Clean Energy Strategy in July 2011 containing a number of measures to
reduce the nation’s greenhouse gas emissions, including a carbon tax. In September 2013, there was a
change of (federal) government to a conservative Liberal/National coalition that has subsequently
repealed the carbon tax, abolished many of the climate-related agencies and programs, reduced the
national renewable energy target and has introduced a “direct action” program in an attempt to
mitigate growth in CO2 emissions (many commentators see this as being less effective compared
to a price on carbon, with an inadequate budget and untested processes for project assessment and
delivery). This watering down of a national commitment to carbon reduction continues to cause local
uncertainty (a major concern in the business sector revealed in this and other studies [72]) as well as
international friction in the lead up to the UN Climate Change meeting in Paris in December 2015.

The Economist Intelligence Unit (EIU) undertook a survey [73] of 130 Australia-based senior
executives prior to the introduction of the carbon tax in Australia. The present survey was undertaken
several months after its introduction, which should have provided organisations with an opportunity
to begin to gauge its impact on their operations. The two surveys reveal similar percentages in
relation to whether organisations overall have a strategy in place for reducing their carbon footprint
(see Table 13). Overall, more than 30% are still lacking such a strategy, with a higher proportion in the
private sector.
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Table 13. Organization has a strategy in place for reducing its carbon. (Source: derived from author
survey and Economist Intelligence Unit (EIU) (2011) [73].)

Private
n = 90

Public
n = 17

Total
n = 107

EIU
n = 131

Design Mfg&Con Services

No 35.8 14.3 32.6 30.0 34.1 28.3 50.0
Yes 64.2 85.7 67.4 70.0 65.9 71.7 50.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Governments currently have a lead role in establishing policies, regulations, pricing and incentives
for the green economy. Recent announcements by international scientific groups (IPCC, 2014 [11]
as well as financial institutions World Bank, 2012 [74]) all point to a likely “4◦ world” by the end
of this century unless significant greenhouse gas mitigation occurs (e.g., ~80% reductions on 1990
CO2 levels by 2050). There are multiple pathways that have been advanced to decarbonise the built
environment [10,72,75] as well as the economy and society more generally. A list of these, based on
EIU, 2011 [73], was incorporated in this survey. The results from private sector respondents are listed
in Table 14.

Table 14. Preferred government action on carbon reduction (%).

Yes No

Provide subsidies for clean technology investments by companies 87.4 12.6
Establish incentives for corporate behaviour that leads to low carbon business operations 87.4 12.6
Provision of information on sustainable practices for companies 87.4 12.6
Introduce a performance standard/label for all energy generation technologies 85.7 14.3
Provision of education on green practices for consumers 85.7 14.3
Establishment of national carbon emission reduction goals 84.0 16.0
Subsidies for clean technology usage by consumers 82.4 17.6
Establishment of environmental reporting standards for business 72.3 27.7
Link to an international carbon pricing scheme 67.2 32.8
Introduce carbon labelling for all manufactured products 62.2 37.8
Carbon cap and trade scheme 55.5 44.5
Current federal government carbon pricing scheme 52.1 47.9
Establishment of penalties for lack of carbon efficiency compliance by companies 50.4 49.6
Corporate tax on carbon footprint of business operations 43.7 56.3
Consumer/sales tax on carbon footprint of goods/services consumed 39.5 60.5
Establishment of penalties for lack of carbon efficiency compliance by consumers 34.5 65.5
None of the above—government can help most by doing nothing and letting the market
come up with solutions 9.2 90.8

Government was clearly endorsed as having a role to play (over 90% of industry respondents in
favour), but, from this point, on the directions for intervention varied. The highest proportions of “no”
votes by companies were reserved for any imposition of carbon taxes on goods and services consumed
as well as consumer-centred compliance, suggesting that more decisive action was required higher up
the supply chain. Here, corporate taxes or company carbon compliance charges were among the least
favoured actions for governments to take. Incentives and subsidies were clearly favoured over taxes
for both consumers and producers. There was strong support for introduction of a performance label
for all energy generation technologies as well as incentives for the introduction of clean technologies,
both targeting the front end of the energy supply chain—and indicative of “direct action”. National
carbon emission reduction goals were endorsed by 84% of business, part of the search for certainty on
the part of business and a clear signal to government that more consistency is required.
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4. Conclusions

The emergent new low carbon green economy is shaping as the next competitive advantage for
industry. This study and the survey on which it is based has demonstrated that in the built environment
area, Australian business and government are gearing up for this challenge. There are signs that
Australian business is highly aware of the issues and has structured itself to prepare, perhaps even
more so than their international counterparts, based on the results of global surveys [51,69]. However,
the transition is not yet as market-oriented as it could be as many businesses are still waiting to see if
consumers will pay a premium for going green; meanwhile, they are doing normal business.

The research revealed that private sector firms are at varying stages of developing green lines of
business. The study found that only 13% of companies derive all their revenue from green products or
services, with a further 13% receiving at least half from this area of business. Green services have a
larger share, but not by a large margin. The challenge is for the 46% of built environment businesses
that currently have less than 10% of their sales in green products and services to be actively looking for
such opportunities. The significant scope for increasing green revenue is tempered by the high level
of uncertainty surrounding a firm’s understanding of what customers are willing to pay for green
products and services (55% of respondents—“uncertain”). The challenges of competition, growing
revenue and being innovative—among several other traditional business metrics—clearly outranked
sustainability issues around the management table when put in the full context of contemporary
business operations.

These challenges notwithstanding, sustainability is a permanent agenda item with senior
management in 85% of both private sector and public sector organisations responding to the survey
(43% of private sector firms have sustainability as a permanent and core agenda item compared to 38%
in public sector). The private sector appears more alert to sustainability/low carbon agenda issues
than the public sector, possibly because they are more exposed externally to the “front line” of the
economy. They are embedding sustainability within all aspects of their organisation’s operations to a
greater extent than the public sector (51.6% to 38.1%).

For in-house sustainability and measurement practices, public sector organisations are currently
in the lead in terms of having a formal sustainability policy, sustainability manager, sustainability
board/committee, reportable sustainability indicators and a sustainability-oriented procurement
strategy. Public sector organisations also had higher levels of routine measurement of energy, water
and CO2 emissions; the exceptions were with noxious emissions, where there has been mandated
reporting for such waste discharges for some time by state environmental protection authorities.

Approximately half of the organisations are yet to change their business model in response to
sustainability/low carbon development issues. A primary reason for this is the level of difficulty
reported to be associated with evaluating “green” business cases. A comparable percentage indicates
that sustainability is yet to be embodied within all facets of operations.

The opportunities identified for green business development within the built environment sector
were weak and not representative of the range that currently exist in the marketplace, let alone those
that are emerging opportunities. Most of the opportunities identified could be classed as “mature”,
reflecting the lack of leading edge “green” innovation currently represented in most urban development
projects in Australia.

Two-thirds of organisations surveyed had a strategy in place for reducing their carbon footprint
(similar to results from the EIU survey a year earlier). Ninety percent of respondents indicated that
government has a lead role to play in encouraging carbon reduction; although there was significant
variability in response as to where government intervention should occur. Most favoured areas
were subsidies, incentives, information and education. Least favoured were taxes, either on business
or consumers.

This survey has demonstrated that, in the built environment area, Australian business and
government are gearing up for the green economy challenge. There are signs that Australian business
is highly aware of the issues and has structured itself to prepare, perhaps even more so than businesses
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in other countries, based on the results of global surveys. But the transition is not yet as market-oriented
as it could be since many businesses are still waiting to see if consumers will go green and whether
governments can offer more consistent policy direction in this area. Meanwhile, they are conducting
business as usual. Publicly funded organisations appear to be less market-aware than business but
are demonstrating green economy approaches and outcomes at a high level of commitment. Tipping
points in all the critical transition arenas are yet to be reached to enable a more rapid shift to a green
economy. If Australia is to be a strong global competitor in the green economy and cities are to be core
to this transition, then awareness and commitment will need to increase across the board in private
and public sector built environment industries—and among consumers. National governments, in
particular, need to take a leadership position and then stay the course.
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Abstract: Megacities have frequently received a disproportionate amount of attention over other sizes
of cities in recent discourse on urban sustainability. In this article, the authors argue that a focus on
smaller and medium-sized cities is crucial to achieving substantial progress towards more sustainable
urban development, not only because they are home to at least a quarter of the world’s population but
because they also offer great potential for sustainable transformations. In principle, their size allows
for flexibility in terms of urban expansion, adoption of “green” travel modes, and environmental
protection. At the same time, smaller and medium-sized cities often have fewer resources to
implement new transport measures and can be more vulnerable to fluctuations in the world economy.
This article critically reviews the potential role and impact of nine commonly considered options for
sustainable urban transport in cities in developing countries: (1) road infrastructure; (2) rail-based
public transport; (3) road-based public transport; (4) support for non-motorized travel modes;
(5) technological solutions; (6) awareness-raising campaigns; (7) pricing mechanisms; (8) vehicle
access restrictions; and (9) control of land-uses. Drawing on international research and examples
of policies to reduce the environmental impacts of transport in urban areas, this article identifies
some key lessons for sustainable urban transport in smaller and medium-sized cities in developing
countries. These lessons are certainly not always identical to those for megacities in the global south.

Keywords: urban transport; sustainable transport; developing cities; medium-sized cities

1. Introduction

In the space of just a few decades, urban areas across the world, in both developed and developing
countries, have become increasingly automobile-dominated and less sustainable. In developing
countries in particular, cities have experienced a rapid growth in transport-related challenges, including
pollution, congestion, accidents, public transport decline, environmental degradation, climate change,
energy depletion, visual intrusion, and lack of accessibility for the urban poor. In more developed
countries, particularly in Northern Europe, some cities have witnessed a trend of reclaiming urban
space from the automobile and prohibiting cars from major parts of downtown areas and/or confining
them in other ways. Today, these places are often considered as leading examples of sustainable urban
development, as cities across the world strive to meet urban sustainability standards by improving
public transport, encouraging non-motorized modes, creating pedestrian zones, limiting the use
of private cars, and otherwise trying to undo the transformation of cities caused by automobile
dominance. Concepts of automobile restraint that were unthinkable just a few decades ago are now
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being considered or even adopted in many urban areas around the globe, both north and south, with
the encouragement and support of major international organizations (see [1–5]).

This article critically reviews the potential role and impact of nine commonly considered
options for sustainable urban transport in medium-sized cities located in developing countries:
(1) road infrastructure; (2) rail-based public transport; (3) road-based public transport; (4) support for
non-motorized travel modes; (5) technological solutions; (6) awareness-raising campaigns; (7) pricing
mechanisms; (8) vehicle access restrictions; and (9) control of land uses. These options for action are
overlapping and interconnected. They cover both the demand and the supply side of urban transport
with a focus on the latter. The article is organized around “interventions” rather than according to
geographic regions, implementation stages, or types of impact.

A focus on smaller developing cities (i.e., with fewer than one million inhabitants) is important in
current urban sustainability discourses since nearly half of the world’s 3.9 billion urban dwellers reside
in relatively urban settlements with fewer than 500,000 inhabitants, while only around one in eight live
in the 28 megacities of 10 million inhabitants or more [6]. Overall, the urban population in developing
countries is set to double from 2010 to 2050 while remaining stable in developed countries [7]. At the
moment, cities with less than 100,000 inhabitants represent a third of world’s urban population,
a figure which is predicted to grow to 40% in 2050. The fastest-growing urban agglomerations are
medium-sized cities with less than 1 million inhabitants, located in Asia and Africa [7,8]. The term
“developing cities” used in this article refers to the cities of all countries included in the World Bank’s
2015 list of developing countries [8]. It should be noted that, since this categorization of countries is
based on average Gross National Income (GNI) statistics, the wealth of different cities within the same
country (and its distribution across society) can vary substantially.

Emerging megacities have received a disproportionate amount of attention, while smaller
developing cities are extensively underserved with respect to basic services and lack the necessary
institutional capacity to be able to manage their rapidly growing populations [9]. The authors argue
that medium-sized cities in the developing world can offer greater potential for more sustainable
transformations than megacities. They generally have a smaller ecological footprint, and in principle,
their size allows for flexibility in terms of urban expansion, adoption of “green” travel modes, and
environmental protection. At the same time, smaller developing cities might have fewer resources to
implement necessary transport measures and might be more vulnerable to fluctuations in the world
economy and climate. Also, due to their size and density, they are often characterized by less efficient
public transport systems, lower modal shares of public transport, and higher transport-related energy
consumption per capita than larger developing cities [2].

This article draws on examples of international experience with policies to reduce car use in urban
areas. The examples are indicative given the complicated and complex nature of urban transport issues;
the authors do not attempt to quantify a particular mix of policies (see, for example, [10]). While most
examples are from developing countries, a few come from developed contexts when examples from
developing countries are less available. This article targets two main audiences: (a) urban transport
sustainability researchers, who are seeking a review of academic literature and state-of-the-art practice;
and (b) policy-makers (and politicians) in developing countries, seeking an overview of practice that
can be used to inform the development of new urban transport strategies.

The authors strike a cautionary note about the potential for international policy transfer in the
urban transport arena. Contrary to a common belief amongst some development agencies that policy
solutions already exist and simply need to be implemented more widely, the search, analysis, and
uptake of urban transport policy ideas, concepts, or instruments from elsewhere are subject to a range
of different influences, including political, professional, institutional, economic, and social. Research
to date indicates that there is little evidence or prospect of “copying” of one policy from one area
to another, certainly outside national boundaries. The potential for replication of “best practices”
is questionable. City size is certainly not the only variable that determines the transferability of
policy options.
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Cultural penchants and historic trajectories of transport demand and supply (implying path
dependence) prevent cities (including smaller ones) from applying the same solutions to apparently
similar problems. For example, the public transport trip share is 19% in Latin American cities compared
to 5% in African cities; the average non-motorized trip distance is 1.0 km in Latin American cities and
2.1 km in Southeast Asian cities [11]. Where contexts are quite dissimilar (e.g., north to south), caution
is suggested both in terms of the appropriateness and effectiveness of standard policy solutions being
exported from one place to another [12–14]. Developing cities are advised to consider examples of
transport solutions from both developing and developed contexts and to keep in mind that not all
innovation originates from the global north. After all, some of the most efficient and cost-effective
public transport systems have been developed in Latin America.

2. Nine Options for Promoting Sustainable Urban Transport in Medium-Sized Developing Cities

2.1. Road Infrastructure

In the immediate post-WWII decades, increasing the size and number of roads (including flyovers
and tunnels) was a commonly-used approach for addressing congestion and other urban travel issues.
In more recent years an understanding has emerged that increasing capacity can lead to greater
demand as a result of “induced travel” (also referred to as “latent demand” or “generated traffic”).
Induced travel is due to diversion of travel from: (1) other lower volume hours of the day to more
peak hour use of improved facilities; (2) parallel commuting routes; and (3) public transportation.
The consequence is that congestion levels are soon restored to almost pre-expansion levels and little
travel time savings are realized. Road investments also have adverse long-term effects on traffic
congestion. They spawn new trips due to the land-use development (and possibly sprawl), which
improved car access induces. Moreover, road construction itself is disruptive for densely-built urban
areas. In many cases, the demolition of buildings and/or open space is necessary [15].

While induced demand claims have elicited strong reactions and polarized political factions,
academic studies have confirmed the induced travel demand theory (see [16–18]). While the degree
(i.e., the travel demand elasticity) and the circumstances (a single road facility or a metropolitan area)
in which induced travel occurs remain a matter of debate, there is no question that road improvements
prompt traffic increases and provide little congestion relief. Since this is the case in developed cities
with saturated or nearly saturated car ownership markets, it follows that the findings would certainly
apply to developing cities, in which incomes and car ownership are still growing. However, there have
been no academic studies testing the induced travel demand in these settings.

The prospect of induced travel lends credence to a transportation policy based on alternative
modes. Policy makers in Europe have been sensitive to claims of induced demand and have taken
steps to jettison the traditional “predict and provide” policy of trying to accommodate traffic growth
(see for example [16,19]). In North America, funding incentives and political inertia have made
major change difficult [19]. In developing countries, where new road construction is often seen as a
yardstick of modernization, governments have often allocated public expenditures in favor of new
road construction at the expense of other urban transport investments and the maintenance of existing
infrastructure. In terms of road investment, evidence to date suggests that developing cities need to
focus their resources on existing road maintenance rather than new road construction.

Estimates suggest that $45 billion worth of road infrastructure (urban, interurban, and rural)
was lost in 85 developing countries in Asia, Africa, and Latin America between 1970 and 1990 due
to inadequate maintenance. This loss could have been averted with preventive maintenance costing
less than $12 billion [20]. There are multiple reasons why the problem is widespread. They include
economic adversity and mistaken investment choices (i.e., policymakers cut maintenance if donors
raise funding for new construction) as well as institutional failures (i.e., separation of responsibility
and control between the providers and users of roads). Without corrective action, poor roads–as well
as inadequate road-based (public and private) transport–can become an insurmountable obstacle to
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the economic recovery and growth of developing cities. Current evidence suggests that, in developing
cities, maintenance expenditures have a positive effect on economic output whereas the construction
of new highly-visible road infrastructure is less beneficial for economic development [21,22].

2.2. Rail-Based Public Transport

Increased investments in all types of public transport promise to help boost the urban economy
of developing countries. The case of Japan is illustrative in this respect. In the post-WWII period, the
Japanese government played a key role in urban transport by adopting public policies that discouraged
automobile use and channeled investment into public transport. This urban transportation system
contributed to rapid economic growth by minimizing aggregate transportation costs, constraining the
consumption of private automobiles, and encouraging savings, albeit with a decided lack of attention
to passenger comfort [23].

It is debatable whether rail-based or road-based public transport should be emphasized in
medium-sized developing cities. Mobility patterns are influenced by both population size and
population density, especially the latter. Urban sprawl has a significant effect on travel distances and
hinders public transport supply. In urban areas with a small but dispersed population, the provision
of either rail- or road-based public transport might not be economically viable [24]. In particular,
rail should have a definite advantage over road-based systems to justify implementation in smaller
and/or dispersed cities, since new rail systems are very expensive to construct and operate. A full
cost-benefit analysis of both options should guide decision-making. A brief overview of the two main
rail-based urban transport systems, Light Rail Transit (LRT), and metro (suburban or heavy rail), is
provided below.

LRT ranges from the historical tramways, trolleys, and streetcars of Eastern Europe, which run
along other traffic in urban streets, to the sophisticated elevated and completely segregated systems of
Singapore. LRT vehicles can be developed on urban streets and run alongside urban traffic because
they are fed electricity from overhead wires. This is an advantage over metro systems, which require
fully segregated rights-of-way because they have an electrified third rail that increases speeds but is
fatal on contact. LRT is expanding rapidly in developed cities with low corridor volumes, sometimes
feeding heavy rail systems. In developing countries, LRTs exist only in larger cities such as Tunis,
Alexandria, Manila, Buenos Aires, and São Paulo. The cost of building and operating LRT varies
widely but it is considerably higher than the cost of alternative public transport forms, such as busways
(see below) [25,26]. If LRT operates at grade without priority or protection from obstruction by other
traffic, it has little or no performance (speed) advantage over busways [27].

In the past, LRT advantages over busways were the lower local air pollution impact and possibly
smother rides for urban travelers. Older LRT vehicles generally had higher carrying capacity than most
buses [27]. Evolving technologies (e.g., electric buses, see later) have minimized the differences between
bus and rail in terms emissions, capacity, and comfort. However, LRT is generally more appealing
to middle class passengers, and investment in this mode is seen as a signal of a more permanent
commitment to public transport on a government’s part [26]. Surprisingly, a few quantitative
analyses employing data from the U.S.-a country in which aversion to bus transport is perhaps the
strongest-have shown that riders’ preferences for rail travel over bus is null when service characteristics
such as travel time and cost are equal. A preference only arises when one mode offers a higher quality
service (i.e., fewer transfers and higher frequency) [28].

In view of the evidence, investments in new LRT systems in medium-sized developing cities
may have limited economic and practical value. Due their high costs, developing cities often can only
construct such systems over a few kilometers in a few limited corridors, which do not meet the broader
transport needs of the population. Nevertheless, the public sector may end up with a long-term debt
that can affect investment in more pressing policy areas [26]. A secondary argument is that, in many
developing cities, power shortages are common which means that a public transport system which
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relies on grid electricity may not always be a feasible or desirable option. At the same time, full reliance
on fossil fuels for public transport is also controversial, especially in countries which lack oil resources.

Metro systems are usually the most expensive form of public transport in terms of construction
and operation, but, as fully segregated systems, have the best performance. Since most metros are
designed for capacities around 30,000 to 40,000 passengers per hour in the peak direction, usually, only
cities with a population of 2–3 million have at least one corridor, which requires this type of facility [29].
In the developing world, only some of the larger cities, such as Beijing, Mexico City, Bombay, and
Cairo have metro or suburban rail systems.

As with LRT, the capital costs of building metro systems can vary substantially between cities,
between metro systems, and between metro lines within the same city and system. However, they
are taxing even for developed nations: $50–$150 million per kilometer, with cost over-runs being the
rule rather than the exception [30]. The reasons for high cost variations include differences between
projects in terms of the ratio of underground to above-ground construction, ground conditions, station
spacing, type of rolling stock, environmental and safety constraints, and labor costs. Underground
metro systems cannot be easily integrated into existing urban physical structures, without disrupting
building foundations and utility lines [30]. In addition to high capital costs, metro systems have high
operating costs and usually require operating subsidies; otherwise the price of the tickets would be
prohibitive even in developed cities. While in principle public transport operations do not need to be
profitable, given the valuable service that they provide to society, the high capital and operation cost of
metros makes them less economically viable in medium-sized developing cities than in megacities.

Ropeways or air gondolas are a special case of rail transport. With capacities comparable to
small or medium-sized tramways on rail tracks and with moderate costs, ropeways have evolved to
become a reasonable and attractive proposition for mainstream urban public transport in a number
of medium-sized developing cities, including Algiers and Oran (Algeria), Medellin (Colombia), and
Caracas (Venezuela). They can provide suitable urban transport in hilly terrains, and over rivers,
harbors, motorways, as well as over dense housing and historic buildings, and can complement other
public transport options [31]. Due to the limited amount of literature available on this mode, policy
options in this area are not reviewed in detail here.

2.3. Road-Based Public Transport

Effective road-based public transport is central to economic growth of developing cities. For the
majority of residents, road-based public transport (bus and paratransit) is the only means to access
employment, education, and public services. In medium and large developing cities, such destinations
are beyond viable walking and cycling distances while vast numbers of individuals have limited
access to automobiles. Unfortunately, the current state of road-based public transport services in many
developing cities does not serve the mobility needs of the population adequately. Formal bus services
are often unreliable, inconvenient, uncomfortable, or even dangerous. Informal paratransit services,
while providing benefits including on-demand mobility for the transit-dependent, jobs for low-skilled
workers, and service coverage in areas devoid of formal transit supply, carry major costs, such as
increased traffic congestion, air and noise pollution, traffic accidents, and even violence among route
cartels [32]. In addition to regulating paratransit systems through measures in between the extremes
of acceptance and outright prohibition, several options are available to medium-size developing cities
that wish to improve the quality of formal bus services.

In recent decades, the creation of bus lanes on existing roads (painting of a lane in a different color
from the rest of the asphalt) has been a common low-cost strategy for improving the quality of bus
systems throughout the world. In some cases, they are shared with high-occupancy vehicles, taxis,
and/or non-motorized vehicles, and even with vehicles near turning points. New technologies allow
vehicles in bus lanes to gain priority at intersections, with lights automatically turning red for cars
and green for buses whenever the later approach shared intersections. Despite their advantages, in
developing cities, unsegregated bus lanes alone, particularly those situated in the curb lane, do little
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to enhance the effectiveness of public transport. Temporary parking by taxis and delivery vehicles,
low levels of respect for traffic rules, the unavoidable conflicts with turning vehicles, and limitations
in narrow street configurations degrade the usefulness of bus lanes in these contexts. Here, a more
effective intervention in favor of public transport is the construction of busways that are physically
segregated from other traffic by means of barriers, cones, or other well defined physical features.
Located on the curb or in the median of a roadway, they are permanently and exclusively for the use
of public transport vehicles-although emergency vehicles are often allowed to use the lane [26].

Bus Rapid Transit (BRT) is a recently developed bus-based mass transit which emulates the
performance and amenities of rail transit. “Full BRT” (Box 1) is often more appropriate for large cities
as it can transport up to 45,000 passengers per hour per direction, surpassing the capacity of many rail
systems. To date, full BRT has been developed only in a few large cities (including Bogotá, Curitiba,
and Guangzhou) with very high levels of political commitment and charismatic political leadership in
support of quality public transport [26,33]. More standard forms of BRT include segregated busways
over the majority of the length of the system’s trunk/city center corridors and at least two of the full
BRT characteristics. These serve up to around 13,000 passengers per hour per direction, and may be
more suitable for medium-sized cities [26].

Box 1. Characteristics of a “full BRT system” (based on [26]).

• metro-quality services
• location of busways in the median of the roadway rather than the curb
• integrated network of routes and fares
• closed high-quality stations that provide level access between the platform and vehicle floor
• pre-board fare payment/verification
• system management through a centralized computerized control center
• clear route maps, signage, and/or real time displays that are visibly placed within the stations/vehicles
• frequent and rapid service
• modern, clean vehicles
• special physical provisions to ease access for the physically disabled
• marketing identity
• clean vehicle technology
• superior images and customer service (i.e., clean buses and uniformed staff)
• entry to system restricted to prescribed operators and a restricted number of vehicles (“closed system”)

Prior experience indicates that the best BRT results are achieved when private sector competition
is combined with strong public sector oversight [26]. This type of business plan is generally desirable
for public transport in developing cities, even those without BRT systems, because in these contexts
both fully regulated sectors and completely deregulated sectors have failed [34]. Mainline services can
be complemented by existing conventional bus and paratransit systems, which can provide feeder
connections and serve remote areas [32]. To avoid overreliance on fossil fuels, BRT vehicles can run on
natural gas, electricity, or biofuels (see below). Once a developing city has secured the right of way for
a BRT system, it can later upgrade to light rail should funding become available.

To date more than 150 cities worldwide (at least 70 in Asia, Africa, and Latin America) have
implemented BRT systems. Comparative assessments of BRTs throughout the world have found that
most systems have greatly improved their local travel conditions and the quality and performance
of public transport, especially in travel time savings and enhanced reliability. BRT systems have also
reduced energy consumption and emissions. They have generally been well-received by the users
leading to massive bus ridership increases. Urban enhancements are also evident [26,33,35,36].

BRT can be developed at substantially lower costs than rail transit. BRT systems typically cost
between $1 m and $8 m per kilometer depending on the complexity and size of the project (the need
for overpasses or underpasses and the need for property acquisition). Even in developed cities with
higher labor costs, BRT costs less than $10 m per kilometer. If property designed, BRT can operate at
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affordable fares ($1/ride) without subsidies. Rapid implementation times (1–5 years) and flexibility to
adapt to spatially-constrained historical centers and business districts with narrow roadway segments
are other attractive features [26].

Despite the advantages, BRT systems in various developing countries suffer from a range of
problems. These include rushed implementation (e.g., several components incomplete at the time of
commissioning); very tight financial planning as systems usually do not receive operational subsidies;
excessive occupancy levels; early deterioration of infrastructure; fare collection systems requiring
very tight supervision; and insufficient user education for initial implementation and system changes.
While many of these problems are associated with financial restrictions and institutional constraints,
they are not intrinsic BRT issues. Nevertheless, these difficulties affect public perception which means
that BRT is often regarded as a “second-best” mode compared to rail, and that politicians frequently
offer rail alternatives as part of their electoral proposals [37].

2.4. Support for Non-Motorized Modes

Non-motorized transport—walking and cycling, but also pedicabs and other human-operated
vehicles—is the dominant transport mode in many developing cities, especially in Asia and Africa.
The smaller the city size, the higher the percentage of non-motorized transport use. Generally, bicycles
are used more extensively in developing cities than in developed cities. The urban poor, who cannot
afford motorized transport, most often walk or cycle to reach work, school, and other services. Pedicabs
and other non-motorized taxi services provide employment for young and poor urban men. While
non-motorized trips may last longer than vehicular trips, for many developing city residents a higher
time cost is preferable to a higher financial cost for transport [38]. Moreover, increases in non-motorized
transport improve traffic safety in cities. Research (employing data from developed cities) has shown
that the likelihood of collision between a pedestrian or cyclist and a motor vehicle is inversely related
to the amount of foot or bicycle traffic [39]. Therefore, in medium-size developing cities, investment
and support for walking and cycling are paramount [38].

Despite its importance, non-motorized transport policy (Box 2) and its related infrastructure
are often neglected in policy-making in developing cities. On one hand, the political climate is not
favorable to soft modes. Politicians consider walking and cycling as a sign of backwardness and not
commensurate with their goals and aspirations. Urban elites distort transport planning in favor of
motorized modes, which they are more likely to use themselves. Major international lenders often
invest minuscule amounts in non-motorized improvements. The groups which most heavily rely
on non-motorized transport are poorly organized and unable to articulate their needs. On the other
hand, urban street use in developing cities often has a conflicting nature, with a complex pattern of
coexistence between pedestrians, vehicles, vendors, and even animals, which also makes interventions
more difficult [38,40].
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Box 2. Examples of non-motorized transport policies mainly from Northern European cities (based
on [41,42]).

• auto-free zones in city centers
• sidewalks on both sides of the street
• pedestrian refuge islands for crossing wide streets
• zebra crosswalks, often raised and with special lighting for visibility
• pedestrian-activated crossing signals, both at intersections and at midblock crosswalks
• extensive networks of bike paths and lanes
• “bicycle streets” where cars are permitted but cyclists have strict right-of-way
• special bike turn lanes leading directly to intersections
• separate bike traffic signals with advance green lights for cyclists
• bike parking (ranging from secured boxes to simple racks)
• integration of bicycles with public transport (i.e., allowing bicycles on public transport vehicles, at least

outside peak hours)
• bike-activated traffic signals at key intersections
• modifications of street networks to create deliberate dead ends and slow, circuitous routing for cars but

direct, fast routing for bikes
• traffic calming of residential neighborhoods through speed limits and physical barriers such as raised

intersections and crosswalks, traffic circles, road narrowing, zigzag or chicane routes, curves, speed humps,
and artificial dead ends created by midblock street closures

• lower speed limits for motor vehicles in cities (e.g., 50 km per hour)
• prohibitions of truck traffic and through traffic of any kind in residential neighborhoods
• driver training focused on avoiding collisions with pedestrians and cyclists
• traffic education of children
• traffic regulations that favor pedestrians and bicyclists, placing the burden of proof on drivers in case

of collisions
• strict ticketing and high penalties for motorists, pedestrians, and cyclists who violate traffic regulations

Various recent examples of improvements and innovation in non-motorized transport policy in
developing countries can be identified. For example, Chinese cities have rapidly transitioned from
human-powered bicycles and gasoline-powered scooters to electric bicycles. Improvements in e-bike
technology, growing incomes, and falling e-bike prices, as well as government policies including e-bike
national standards and safety regulation, local sale restrictions for gasoline scooters, and banning of
gasoline vehicles from city centers, have encouraged this modal shift [43]. The Chinese government
has also mandated the reconversion of motorcycle lanes into bicycle lanes [38]. Cycle networks have
been developed in several Latin American cities, including Bogotá, Colombia, and Sao Paolo, Brazil.
As with buses, physically segregated bicycle paths are more effective than bicycle lanes. Bogotá’s
Ciclovia-Recreovia and Cicloruta programs are community-wide programs that promote the use
of bicycle paths. In Chile, the Vida-Chile is a national program that uses a variety of strategies to
promote physical activity [44]. Bicycle-sharing schemes have been introduced in a growing number of
developing cities, including Rio de Janeiro (Brazil), Daejon (Korea), and Hangzhou (China). Evidence to
date suggests that bicycle-sharing has led to growing bike use but no reductions in car use. The growth
of this mode has been concentrated in medium- to small-sized towns with systems of 50 bicycles [45].

2.5. Technological Solutions

The main urban transport-related technological solutions that cities worldwide are currently
pursuing (with North American and West European cities leading the way) include alternative-fuel
vehicles and intelligent transportation systems (ITS). New technologies may help to tackle certain
transport-related problems, such as air and noise pollution, oil dependency, traffic congestion, and
accidents [46,47]. Their applicability in developing cities is considered below. The sustainability of these
types of technological solutions is subject to three caveats. First, transport technology improvements
cannot help tackle reduced physical activity due to car dependence. Second, in most developing
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countries, where car ownership is growing, the benefits of technological advances will often be offset
by the rapid increase in the amount of car travel. Third, many new technologies are outside the
financial reach of many residents of developing cities. Consequently, the pursuit of technology-based
measures alone is not cost-effective in these contexts [48]. Nonetheless, technological optimism prevails
in both developed and developing countries, which may be seen as an expression of people’s reluctance
to more fundamental changes in lifestyle [49].

A wide range of vehicles–passenger cars, heavy-duty trucks, garbage trucks, three-wheelers
(primarily in Asian countries), and buses–can run on alternative fuels including natural gas, electricity,
and biofuels. These fuels, which can be produced from any primary energy source, including biomass,
wind and solar energy, nuclear energy and decarbonized fossil fuels, constitute a cleaner alternative to
diesel and gasoline. Biodiesel can be used in any diesel engine without modification while ethanol,
gas, hydrogen, and electricity can be used only in specially-produced or modified cars [50].

In some countries, especially in South America, the availability of natural gas resources and
existing pipeline and delivery infrastructure are incentives to encourage natural gas use for transport
(compressed natural gas and liquefied petroleum gas). Brazil and Argentina combined have more than
half of the world’s total natural gas vehicles, but several Asian countries, notably India, China, and
Pakistan, have also had significant natural gas vehicle growth beginning in the late 1990s. In other
countries, the adoption of natural gas for urban transport requires the co-existence of fuel supply,
refueling stations, and appropriate vehicles–a classic “chicken and egg” dilemma [51].

Some governments in developing countries specifically mandate the use of natural gas for
transport in highly polluted areas (e.g., for taxis in Buenos Aires, and more recently for buses in Beijing
and all pre-1990 taxis in New Delhi). Other developing country governments offer financial incentives
to consumers of natural gas fuels and vehicles and to equipment suppliers of alternative fuel vehicles.
A pump price of at least 40%–60% below the gasoline price–attributed to government incentives such
as favorable taxation, tax breaks for natural gas, or higher taxes on gasoline and/or diesel fuel–is
common in most countries that have had successful natural gas vehicle penetration. Experiences in
Argentina, Brazil, China, India, and Pakistan indicate that marketing and subsidy programs must be
sustained for long periods before diffusion crosses the tipping point. This is due to the long life of a
vehicle fleet and social and economic penetration barriers [51].

Electric cars (fuel-cell, battery, or plug-in) have a low range (e.g., 100 km on a full charge in
city traffic conditions), and are therefore attractive for use in small and medium-sized urban areas.
However, their widespread adoption in developing countries faces a range of barriers. The capital costs
of electric vehicles are significantly higher than the costs of conventional cars. In order to amortize the
acquisition costs through energy savings, an electric car has to be used to travel significant distances,
typically more than 20,000 km a year [52]. While some estimates indicate that in a few decades capital
costs could drop significantly, conventional cars will remain cheaper. In terms of fuel costs, accurate
predictions are not possible. Another significant challenge is the bulkiness and cost of batteries or
hydrogen tanks. In the recent past, recharging battery-powered vehicles was very time-consuming
but fast-charging stations are now becoming available. While electric vehicles are non-polluting at the
point of use, their overall environmental impact depends on the way in which electricity is generated,
stored, and distributed and the problems associated with recycling expired batteries. The availability
of lithium in the case of batteries and the availability of platinum in the case of fuel cells constitute
barriers as well [50]. Overall, the market penetration of electric vehicles in developing cities is far from
favorable, at least in the short term. For example, modelling estimates for Colombia predict that, even
by 2050, electricity will not have surpassed gasoline in the Colombian passenger car fleet [53]. India
aims to have 100,000 electric vehicles on the roads by 2020-a small share considering its population
size-while China’s modest target is for the annual sales of “new energy” vehicles (electric, hybrid, etc.)
to reach 5% in the short term [52].

Biofuels (mainly ethanol, biodiesel, and blends) could provide a significant reduction in urban
greenhouse-gas emissions, particulate matter, and volatile organic chemicals. They are attractive
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to many developing countries where surplus land (e.g., marginal land) can be used for biofuel
production [54]. Brazil, China, and India are world leaders in ethanol production, surpassed only
by the US [55]. Warm-climate countries such as Argentina, Colombia, Indonesia, India, Malaysia,
Thailand, and the Philippines which produce large amounts of palm, coconut, soybean, and jatropha
oil show promise for the adoption of biodiesel [56]. However, biofuels present various challenges
depending on the type of feedstock. For corn-based biofuel, in particular, life-cycle assessment
studies have highlighted a low or negative net contribution to emission reductions [57] Biofuels,
especially biodiesel, generate up to 70% higher NOX emissions depending on feedstock. Moreover, the
greenhouse-gas savings potential may disappear once the full impacts of fuel production are taken
into account (i.e., the release of carbon stored in forests or grasslands during land conversion to crop
production; the frequent burning of cleared vegetation for biofuel production; and the fugitive emission
of methane from palm-oil production). Another key concern is the close link between biofuels and
food consumption. A switch to second-generation biofuels (manufactured from non-food feedstock)
might alleviate these concerns. However, second-generation biofuels still compete with food supply
through land-use and are currently constrained by many technical and economic barriers [54].

In addition to alternative fuels, intelligent transportation systems (ITS) have the potential to
address urban transport problems in a variety of applications (Box 3). In the industrialized world, ITS
have only been adopted at a moderate pace and, in developing countries, adoption has been even
slower. In East Asia, Eastern Europe, and Latin America, the most common forms of ITS that have been
introduced to date include traffic signal systems, traffic surveillance systems using CCTV, commercial
vehicle (e.g., taxi) tracking systems using GPS, electronic ticketing services, electronic toll collection
and fare payment systems, bus management systems, and traveler information systems. Further
ITS deployment is needed in these settings to improve road safety conditions and mitigate traffic
congestion, especially in large, polluted, and congested cities and in harsh climates with hazardous
driving scenarios [58].

Box 3. Potential applications of intelligent transportation systems (ITS) (based on [59]).

• advanced traffic management systems, which predict traffic congestion and provide alternative routing
instructions to vehicles in real time to improve the efficiency of the road network and maintain priorities
for high-occupancy and transit vehicles

• advanced traveler information systems, which provide data to travelers in their vehicles, homes, or
workplaces about the location of incidents, weather problems, road conditions, parking availability, and
optimal routings, to help them decide what route and mode they should use

• advanced vehicle control systems, which enhance driver’s control of the vehicle to make travel both safer
and more efficient, and range from collision warning systems to self-driving cars

• automated vehicles, including private cars and automated taxis with fares similar to public transport
• automated road systems, which rely on infrastructure information and control to automatically control the

movements of high-occupancy or transit vehicles in special lanes
• on-demand transport and parking (aided by cell phone technology)

Although developing cities are often at a disadvantage in applying ITS relative to developed
cities, they also have some advantages. For example, some developing cities can install electronic
infrastructure at the same time that physical infrastructure is being constructed, which is far less
expensive than retrofitting existing physical infrastructure. Developing cities are also not generally
burdened with outdated IT infrastructure that has to be updated. They can take advantage of ITS
products and applications, which have already been tested and deployed in developed cities and
which are now mature and stable. In theory, they can then leapfrog to an ITS-enabled transportation
infrastructure far more rapidly and far less expensively than developed countries [58]. Nevertheless,
the viability of ITS in developing countries remains contentious due to a lack of financial resources,
basic infrastructure, and institutional capacity. Substantial funding is required in order to implement
high-level ITS at a large scale. The indifferent attitude of many local professionals and a lack of user
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trust in new technologies have also undermined wide-scale ITS acceptance [58,60]. Another concern is
that the adoption of “hi-tech” transport solutions in developing cities might eliminate low-skilled jobs,
which are desperately needed by the population. In view of these experiences and concerns, ITS needs
to be introduced cautiously in smaller developing cities.

2.6. Awareness-Raising Campaigns

Developed and developing countries have used information, education, persuasion, and
awareness-raising campaigns in favor of sustainable urban transport with various, but generally
limited, degrees of success. Typically, the more effective a measure is, the more resistance it evokes [61].
Social mechanisms and processes, such as status seeking (i.e., the automobile as a status symbol),
freedom seeking, or lack of trust in others’ cooperativeness, are often at play, especially in the
developing world, and perpetuate urban transport problems [49]. Moreover, the publicity generated by
the car industry is well ahead of sustainable urban transport promotion. In the collective consciousness,
private motorized vehicles have been long associated with pleasure, comfort, speed, convenience,
power, protection, superiority, individuality, hedonism, and freedom [62].

Several general strategies to raise awareness on sustainable transport policy can be employed
(Box 4). A few specific techniques seeking to reduce car use settings have also been developed
and tested but generally only in developed countries. These techniques involve the provision of
tailored feedback to individuals and households about travel patterns, costs, and the alternatives to
current behavior [63,64]. The main aim of these exercises has been to motivate people to consider the
consequences of their travel behavior. While the pilots have yielded promising results (up to 10%
reduction in car travel), their effects cannot be fully generalized yet. Although cost-effective, they often
require large upfront investments [63].

Box 4. General strategies to raise awareness on sustainable transport (based on [49]).

• provision of information, education, communication about risk generation, types and levels of risk resulting
from one’s transport choices, others’ perceptions and intentions, and risk reduction strategies

• social modeling and support, i.e., demonstrating cooperative behavior and the efficacy of others
• changing values and morality (i.e., appealing to conscience, enhancing “altruism” towards others and

future generations, and reducing selfishness)

In developing countries, lower-cost activities are likely to be more feasible and constructive
(e.g., car-free days, bicycle-to-work days, free-vehicle-inspection days, bicycle film festivals, car-pooling
days, free-public-transport days, and media attention). Effective public awareness activities require
novel approaches to capture the audience’s attention. Also, campaigns must advance specific ideas
(e.g., the creation of cycle tracks) rather than vague notions (e.g., transport sustainability in general).
Experience suggests that public awareness campaigns need to be targeted and “integrated” (presenting
all the urgent urban transport concerns as interconnected and interdependent). Parking policy must
be correctly framed as not merely a public order issue but as a crucial tool in restricting demand
for car travel and in raising revenues. Public awareness activities must encourage shifts in existing
paradigms. For example, bicycles must be presented as the healthy vehicles of the future (i.e., a new
status symbol rather than a vehicle for the poor); cars as imposers of high costs on the community
(i.e., an antisocial mode); buses as modern and comfortable (i.e., a choice mode rather than a mode
of last resort); walkways as a measure of democratization (i.e., pedestrians as part of the transport
system).

It is important to select relevant and context-sensitive advocacy activities as locals might not be
able to relate to best practice examples from developed cities. Campaign organizers must project an
image of professionalism, expertize, vision, creativity, and persistence. Messages sent by groups which
appear amateurish are often ignored. Whether awareness campaigns are organized by government
and/or civil society, the support of charismatic political leaders is often crucial [65]. Because
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many urban transport problems are perpetrated and perpetuated by people with higher education,
sustainability concepts must be included in university teaching curricula. Successful courses in
sustainability engage participants’ heads (cognitive domain; academic study and understanding of
transport sustainability), hands (psychomotor domain; enactment of theoretical learning through
practicing transport sustainability in real life), and hearts (affective domain; enablement of values and
attitudes to be translated into travel behavior) [66].

2.7. Pricing Mechanisms

Even in contexts where drivers are well aware of the adverse impacts of car driving in urban
areas, the choice of mode is distorted in favor of road transport, particularly private cars, if drivers
are not charged the full costs of motorization [27]. The availability of free or underpriced parking
also fuels car ownership and use and increases “search-for-parking” traffic [67]. Keeping fuel prices
artificially low-through price control, export or quantity restrictions, or political pressure put on oil
companies-produces another set of adverse effects, particularly in developing countries. These include
flourishing black markets, smuggling, fuel adulteration, illegal diversion of subsidy funds, large
financial losses suffered by fuel suppliers, deteriorating refining and other infrastructure, and acute
fuel shortages causing economy-wide damage [68].

The idea of financially penalizing drivers by using coercive pricing mechanisms (Box 5) has long
been proposed by transport economists as an effective mechanism to contain car use in urban areas.
Notwithstanding their theoretical value, all real-world pricing schemes have limitations and there is
no guarantee that their benefits will exceed their setup and operating costs. For example, while fuel
taxes are administratively simple and discourage the utilization of vehicles in the short-run, in the long
run they alter consumers’ purchasing behavior, thereby causing them to switch to more fuel-efficient
methods (e.g., smaller vehicles, which ultimately do little to alleviate congestion and can increase safety
risk). Even in the short-term, most studies find that fuel taxes lead to welfare loss among lower-income
drivers, who lack alternative travel options (i.e., in a city where the public transport system is weak).

Box 5. Examples of coercive pricing mechanisms.

• fuel taxes (based on emissions)
• vehicle import/purchase/registration taxes (based on emissions)
• experience rating of car insurance premiums; tradable mobility/emission credits/quotas
• direct road charges (urban drivers are charged by distance travelled based on information collected through

electronic plates installed in cars)
• cordon area pricing (charges apply for the right to access or circulate within limited geographical areas,

generally city centers, with some degree of time differentiation)
• parking fees (generally paid hourly in city centers and monthly in residential neighborhoods).

Cordon pricing and direct road charges, which outside the developed world have only seen
application in Singapore, employ cameras or other electronic devices that observe the license plates of
vehicles entering or moving within the cordon, and charge the driver remotely. While cordon pricing
has positive impacts on peak-congestion delays, air pollution, and accidents in city centers, it often has
few effects on the overall amount of commuter traffic [69].

While megacities with large numbers of private vehicles and severe congestion problems may
prefer congestion charges, smaller developing cities might consider fuel taxes. Generally, in developing
countries and cities with low administrative capacities, instruments with smaller or no monitoring
costs (e.g., fuel taxes and emission-based vehicle taxes) are more effective than those requiring large
monitoring or administrative and compliance costs. No single policy fits all conditions. The policy
options presented in this article can be enacted at the local, regional, or national level, depending on
the governance arrangements that are already in place [70].
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The major barriers to charging drivers the full cost of car use are often related to public
acceptability and political feasibility. Even the most sophisticated, equitable, efficient, and sensitive
policy designs will create losers and generate opposition. This necessitates approaches that can
increase public acceptance while maintaining efficiency. For example, earmarking revenues for local
public transportation, and possibly for infrastructure for pedestrians and bicyclists and public space
improvements, has public support (more so than placing revenues in general funds). These revenues
can then be used to reduce other taxes or could be returned uniformly to adult residents or owners of
registered vehicles in a designated area. Overall, studies indicate that attitudes toward road pricing
improve after programs are implemented–once residents experience their benefits [61,67,69].

Pricing mechanisms also include subsidies for public transport fares (e.g., limited to vulnerable
groups), tax subsidies (or exemptions) for the purchase of clean vehicles, and incentives for scrapping
old vehicles. They have all been implemented in various developing cities but in a limited way due to
their cost.

2.8. Vehicle Access Restrictions

Pricing mechanisms are generally considered to be more effective than regulatory approaches
because they offer car users more choice, raise revenues, and can be adjusted according to different
conditions [69]. However, blanket command-and-control policies have a role to play as well. Laws
and regulations related to driving include limits on car use based on certain criteria, such as emission
levels, noise levels, vehicle weight, fuel consumption, occupancy (i.e., bans of single-occupancy
vehicles), days of the week, time of the day, area (usually a city center), and license plate number
(in pollution-emergency days or permanently), and quotas for distance travelled or number of
motorized trips within a given urban area. Other regulatory options include parking restrictions
and speed limits.

Several developing cities have experimented with selective car rationing or banning, often
reaching for higher achievement than developed cities. These measures are considered politically
easier to implement than pricing mechanisms because of the perception that all sections of the
population are treated equally [71]. For example, Bangkok made efforts to restrict all newly registered
cars to use exclusively in non-rush hours. In Guangzhou only locally registered motorcycles are
allowed to circulate. Many other Chinese cities have limited the operation of commercial vehicles in
unprecedentedly detailed ways (in terms of days, hours, and localities). During the 2008 Olympics,
the City of Beijing imposed a temporary restriction on car owners based on license plate numbers.
In Latin America, larger cities including Mexico City, Santiago, São Paulo, and Bogotá have attempted
the same approach for some time. While there are no reported examples of large-scale car restrictions
implemented in smaller developing cities, many examples of small-scale pedestrianization schemes in
historic or commercial centers can be found, especially in some parts of Latin America and Asia.

In the past, some vehicle restriction measures have had unintended consequences. In Mexico City,
for example, a vehicle restriction backfired when more than one fifth of the households (the higher
income ones) purchased additional cars with alternating plates (usually cheaper, older, and more
polluting) in order to circumvent the restriction. In Santiago, the car ban schedule is changed every
few months to prevent this possibility, while in Bogotá, the high price of used cars prevented the
problem from arising. While traffic restrictions have received public support in Latin America, they
have faced opposition from the auto industry and vehicle owners. To be successful, these types of
command-and-control measures must be reinforced by other complementary transport policies and
promotional measures [71]. Some types of car restrictions, such as speed limits, are not effective
without the traffic law enforcement resources to ensure that limits are followed [72].

An indirect way to alleviate peak-hour congestion through regulations is to mandate employers to
implement telecommuting, flexible work, and staggered work shift programs, so that employees shift
their commute at different times of the day. Reviews that recount the experience of developing cities
with work-related policies and their impact on urban travel are still to be assembled. In developed
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countries, the evidence suggests that, without supportive policies, telecommuting is unlikely to be
enough to affect employee commuting patterns [73].

2.9. Control of Land Uses

Generally, public transport and non-motorized modes require high densities and mixed uses
in order to be practically and financially feasible. Compact urban development is also often
associated with shorter distances and lower use of motorized transport. Therefore, land-use controls
have important implications for travel behavior. In smaller cities in particular, the manipulation
of urban form (shape, size, density, compactness, intensification, decentralization, land-use type
and mix, building layout and type, and green and open spaces) can help to overcome city
problems [74]. However, there are many complexities in the relationship between transport and
land-use. The desirable degree of compaction of existing settlements is far from clearly understood.
Moreover, a wide range of variation in terms of urban form, density, governance, economy, zoning
controls, and enforcement capacity, exists in the developing world. Sustainability choices depend on
local characteristics, which are briefly reviewed here.

Developing cities often have higher densities than developed cities, especially in the urban core
(the densest urban areas in the world are found in developing countries—e.g., Mumbai and Hong
Kong). This is due to higher urbanization rates, smaller dwellings, a prevalence of high-rise housing,
later advent of the automobile, and lax regulations that allow land and housing subdivisions. However,
there is disparity among regions. While Asian cities are often extremely dense, cities in sub-Saharan
Africa are some of the world’s most spread out, with large squatter settlements. In contrast to the
“planned sprawl” of developed cities, sprawl here is mostly unplanned and poses a different set of
challenges. Densities are high in North African cities but low in Latin American ones. Many cities are
dual, with dense inner areas and peripheral sprawl. Climate variations, as well as cultural factors, play
a role in the level of acceptable space consumption and proximity [74]. Evidence to date suggests that
there is no single sustainable urban form but uncontrolled low-density sprawl is never the best option.

Some developing cities have strong economies which enable transport investments and land use
control, while other are poor and/or have a laissez-faire approach to development and are dominated
by the informal sector. However, in most developing-city contexts, land use intensification often
occurs in the absence of land use controls. Strict enforcement to avoid sprawl and high public
investment to purchase land or development rights (e.g., for the creation of urban green belts, green
corridors, or ecological reserve areas) appear to be unlikely here given a past history of loose or
patchy enforcement.

In contrast with de-industrialized European cities, the potential for conversion of derelict urban
land (brownfield sites) is limited in many developing cities where industrialization has been minimal.
In developing cities which are built in naturally hazardous areas (floodplains, seismically active
zones, foot of volcanoes, etc.), densification has implications for disaster mitigation and management.
The densification is a very contentious issue in both overcrowded inner-city shanty towns and
low-density peri-urban squatter settlements with large plot sizes but with maximum lot coverage [74].

In terms of functional mix, developing cities are generally characterized by high levels of mixed
use, as well as vitality and vibrancy (i.e., the “urban village” notion). This is due to a limited penetration
of modernist concepts and loose land use controls rather than specific policies. However, in higher
income developing cities, shopping centers, strip malls, wholesale supermarkets, and sometimes
high-tech industry clusters, have started to appear in the peripheries, causing traffic congestion.
Interest in linear city models, often at a very large scale, is high in Southeast Asia and South Africa.
Attempts to manipulate urban form (e.g., towards a classic radio-circular form for smaller cities and
a polycentric “concentrated deconcentration” form for larger cities) have been limited due to the
shift from comprehensive planning to piecemeal project-based and strategic planning, which has also
occurred in developed cities [74].
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Given the great diversity of land use approaches, preferences, and constraints in developing cities,
it is difficult to come up with a set of recommendations that can apply to all. Experience to date suggests
that some degree of success can be achieved if a pragmatic rather than idealistic approach is taken.
If an overall dense and compact development cannot be achieved or if densification is not desirable in
a given context (i.e., already hyper-dense inner city areas), densification and intensification of land
uses can be encouraged around transport nodes and along transport corridors (the transit-oriented
development or TOD model at a regional scale) in order to increase access for larger portions of the
population. TOD has been successful in a variety of settings, including some developing cities [75].
Compaction efforts can be concentrated on the development of new neighborhoods rather than on
modifying existing ones, although this approach could lead to urban sprawl and consequently, the
degradation of inner cities. Incentive schemes involving land-sharing arrangements, the transfer of
development rights, and public/private partnerships, show some promise. In some cases, small yet
significant interventions, either through planning discourse or symbolic development on the ground,
can help change public perceptions of sustainable urban form [74].

3. Conclusions

Smaller and medium-sized developing cities, especially ones which are dense and compact, have
great potential to develop sustainable transport systems. Low-cost investments and the imposition of
modest fees on road users can deliver substantial environmental and lifestyle benefits for these cities.
However, no single type of strategy or policy is effective or sufficient to promote more sustainable
urban transport. Moreover, different types of measures may be more appropriate for smaller and
medium-sized developing cities than megacities (e.g., fuel taxes rather than congestion charges).

Some of the key strategies to be considered in these developing cities include: (1) street conditions
conducive to green modes via low-cost interventions such as sidewalk maintenance and speed
restraint; (2) pedestrian-only zones in areas with heavy pedestrian traffic; (3) exclusive lanes for busses
and bicycles, which are adequately protected from car traffic; (4) reasonable parking fees; (5) more
attention to road infrastructure maintenance rather than the construction of new infrastructure; and
(6) awareness-raising and education campaigns.

When considering investments in public transportation in medium-sized developing cities, a key
priority should be to improve existing bus systems. BRT is more affordable and cost-effective in these
cities than many other types of public transportation systems, including LRT. The high capital and
operation cost of metros makes them less economically viable in medium-sized developing cities
than in megacities. Promoting more sustainable patterns of urban development is also crucial for
reducing the environmental impacts of cities but the appropriateness of different forms of development
is context-dependent. Uncontrolled low-density sprawl is, however, rarely appropriate. Technological
improvements can help to address urban environmental problems but they cannot address all
transport-related problems. Moreover, the benefits of technological advances may be offset by rapid
transport growth in developing cities. However, inexpensive technologies such as new mobility
services via cell phones (i.e., on-demand transport or parking payments) already exist in developing
countries and could be utilized more extensively to promote new innovative forms of urban transport
services. The social, economic, and environmental impacts of large-scale alternative fuel adoption in
developing cities are often uncertain.

There is increasing recognition that combinations (or packages) of measures are necessary [5,76].
Certain combinations of policies can work together and give rise to synergies, leading to impacts
greater than the sum of their individual parts. The identification of policy packages is a crucial issue
for promoting more sustainable urban transport: packages should maximize potential synergies. It is
crucial to consider local factors such as costs, feasibility, and barriers. Finally, caution is advised both
in terms of the appropriateness and effectiveness of policy solutions being transferred to smaller and
medium-sized cities in developing countries from larger cities and/or from more developed countries.
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Abstract: Cities are increasingly seen as the places where innovations that can trigger a sociotechnical
transition toward urban mobility are emerging and maturing. Processes such as peak car, rail
renaissance and cycling boom manifest themselves particularly in cities, and success stories of
cities experimenting with specific types of low-energy mobility abound in the academic literature.
Nonetheless, innovation is known to be a precarious process requiring favorable circumstances. Using
document analysis and in-depth interviews, this study examines the nature of low-energy innovation
in the everyday mobility of people in two UK cities with favorable conditions for a transition away
from fossil fuels—Brighton and Oxford. It shows that clear differences exist between the two cities in
the sorts of innovation that emerge and diffuse as a result of path dependencies, local politics, and
financial support from supra-local governments and agencies. While low-energy mobility currently
has substantial momentum in both cities, the majority of low-carbon innovations in urban mobility
are incremental rather than radical in nature, and their future is often imbued with uncertainty. The
autonomy of small- and medium-sized cities as agents in bringing about transformational change
toward low-energy urban mobility should not be overestimated.

Keywords: low-energy transport; carbon; energy consumption; sociotechnical transition; innovation;
cities; United Kingdom

1. Introduction

Current transport systems for people and freight are environmentally unsustainable [1–4]. In 2011,
transport was responsible for 23% of global energy consumption [5] and 22% of CO2 emissions [6].
Both energy consumption and emissions continue to grow due to a range of mutually reinforcing
factors and processes, including a near total—94% [5]—reliance on oil; population growth; economic
development; urban sprawl; the globalization of cultural ideas that tie car use and ownership to
social progress, freedom and individuality; and governments’ commitment to road building and
investment in other infrastructures for carbon-intensive forms of mobility, such as maritime ports and
airports [4,7].

Greenhouse gas (GHG) emissions from transport need to be reduced drastically, and the IPCC
unambiguously calls for “aggressive and sustained” [4] (p. 602) measures yet also appreciates the
monumentality of the challenges ahead: the growth of transport volumes in non-OECD countries and
of intercontinental movements of people and goods risks cancelling out the benefits from technological
advances and behavior change occurring across parts of Europe, North America and Australasia.
In those regions, the growth of car use and ownership may have peaked [8,9] and a rail renaissance, both
within cities (metro, light rail) and between cities (high speed rail) [10–12], and cycling boom [13,14]
can be witnessed. These developments seem to take place first and foremost in urban areas. Indeed,
across the global North, cities lead the way in moving toward low-energy mobility—here used as
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shorthand for types of everyday mobility that consume less fossil fuels and emit smaller quantities
of GHGs than do conventional internal combustion personal vehicles—for various reasons [15–17]:
higher population densities make public transport, cycling and walking more practical and attractive
compared to car use and ownership; populations are on balance relatively young, highly educated,
environmentally conscious and willing to experiment with—or at least support—various forms of
low-energy living; and governments are more likely to have the political, institutional and financial
capacities to support low-energy mobility initiatives and experiments than are their suburban and
rural counterparts.

Whilst encouraging, the currently observable gradual shifts across the global North are unlikely
to be sufficient if transport’s contribution to anthropogenic climate change is to be minimized. Across
academics from various disciplinary backgrounds a consensus appears to be emerging around two key
ideas. The first of these revolves around the need for systemic change, whereby prevailing systems
of mobility—i.e., not only (vehicle) technologies, physical infrastructures and user practices, but
also the cultural meanings associated with various forms of movement, markets, maintenance and
repair, forms of regulation and policy making, and formal expertise about transport [18]—become
durably reconfigured. The second is that such change can be triggered by the diffusion of one or more
low-energy innovations—new technologies, institutional arrangements or user practices that differ
to greater or lesser extent from prevailing mobility systems; examples include IT-supported mobility
services (e.g., car/bike sharing), bio-fueled buses and smartcard-based integrated ticketing systems.
In accordance with these views, a literature on innovations in transport is emerging [19,20], most
of which is informed by the theoretical perspectives of strategic niche management (SNM) [21–23]
and the multi-level perspective (MLP) [18,20,24,25], although a range of studies have also drawn on
cultural approaches like practice theory [26–28] and the energy cultures framework [29,30].

The theoretical lens of SNM/MLP is particularly useful because of its comprehensive system
orientation but also tends to privilege the temporal over the spatial dimensions of systemic change.
Whilst offering useful conceptualizations of the moments at which innovations can break through and
the temporalities involved in systemic change, it has less to say on where such processes will happen,
why there, and which geographical circumstances will facilitate or complicate them (see also [31–39]).
This can be considered a shortcoming given the urban character of the processes of peak car, rail
renaissance and cycle boom across the global North.

The current paper seeks to contribute to a better understanding of the geographical dimensions of
innovations in transport by focusing on the everyday mobility of people and adopting a comparative
case study approach. It considers the UK cities of Brighton and Oxford as what Flyvbjerg [40] calls
“critical cases” that enable conclusions which may also apply to other cities with less favorable
conditions for systemic change. The UK is an appropriate setting because it was the first country to
adopt legally binding CO2 emission reduction targets, which are linked to the 2008 Climate Change
Act, and has allocated £738.5 m to the Local Sustainable Transport Fund (2011–2016), which funds a
program of locally designed and delivered policy packages aimed at stimulating sustainable forms of
passenger transport [41]. Within this national context, Brighton and Oxford are two medium-sized
cities with strong reputations in sustainable transport: bus usage is amongst the highest in the UK, and
whilst Oxford is widely known as a city of cyclists, Brighton—used henceforth as synonym for the city’s
official name of Brighton and Hove—was among the first to adopt comprehensive cycling promotion
policies in the UK. Both cities can be expected to be ahead of the curve in terms of transitioning to
low-energy mobility systems and offer potentially fertile grounds for the emergence and flourishing of
low-energy innovation in urban mobility. This makes these cities useful sites to examine which local
processes and circumstances facilitate, complicate or obstruct systemic transitions toward low-energy
urban mobility.
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2. Sociotechnical Transitions and Innovation

Theoretically, the starting point for this paper is the multi-level perspective (MLP), which
holds that systemic change requires processes at the sociotechnical landscape, regime and niche
levels to somehow coincide and become interlinked [18,20,24,25]. A sociotechnical regime is a set
of rules—cognitive routines, shared beliefs, social norms and conventions, regulations, industry
standards, protocols, contracts, laws and so forth—that fulfill a societal function (e.g., everyday
mobility) and thereby condition the practices through which the technology, infrastructure, markets,
cultural values, user practices, maintenance and repair, regulation and formal knowledge that make
up socio-technical systems are reproduced [18]. Innovation and experimentation occur within a
regime but are normally incremental: they tend not to challenge the basic architecture of, and power
relations undergirding, the rules associated with a prevailing sociotechnical system, but rather seek to
minimize an existing system’s negative externalities. In a transport context they are best exemplified by
end-of-pipe innovations [3,42], such as fuel economy improvements in internal combustion personal
vehicles. Such innovations are typically led by incumbent regime actors.

In contrast, innovations in sociotechnical niches are more radical: they often involve new,
non-incumbent actors and potentially challenge—or at least reconfigure—the rules of prevailing
systems. This does not mean that regime actors are uninterested or uninvolved; they may participate
to learn about new developments and future competition, but their commitment to a given niche’s
development may ultimately be restricted [43]. The sociotechnical landscape is to some extent a
residual category [44]; it gathers all wider contexts and developments over which regime actors have
little influence, from anthropogenic climate change to economic crises, demographic shifts and the
rise of the Information Age, as well as the transition from welfare to workfare [45] according to which
all adults in advanced liberal democracies should, in principle, be in paid employment (and which
becomes easier if they can afford to own a private car). According to the MLP, landscape developments
can put pressure on, and eventually destabilize, existing regimes, opening up opportunities for
innovations in niches to diffuse and reconfigure regimes [25].

The number of studies using the MLP in a passenger transport context is increasing rapidly
(e.g., [19,20,39,46–48]), although most focus on specific niches, such as electric vehicles [43,48,49].
Nonetheless, at least two studies have discussed a broader range of niches in contemporary passenger
mobility. Based on research in the UK and Sweden, Nykvist and Whitmarsh [19] identify three types:
radical vehicle technologies (e.g., battery and hybrid electric vehicles), mobility services (e.g., car/bike
sharing, public transport) and mobility management programs seeking to reduce vehicular travel (e.g.,
promotion of active travel or substitution of physical travel by ICT—telecommuting, e-commerce,
etcetera). Geels [20] has expanded this classification into six categories, two of which—green propulsion
technologies and demand management—are closely aligned with Nykvist and Whitmarsh’s radical
vehicle technologies and mobility management, respectively. However, the other four categories refine
and extend those by Nykvist and Whitmarsh:

� IT-based innovations not only encompass telecommuting programs and the like, but also
intelligent transport systems seeking to increase transport’s efficiency through real-time
information provision and smartcard-based integrated ticketing;

� Public transport innovations, such as light rail systems, and improved information provision and
ticketing systems;

� Intermodal travel programs that seek to integrate different systems such as car and bus travel
(Park and Ride) or car and public transport with public bike sharing schemes; and

� Cultural and socio-spatial niches that challenge the normality of private car use through land
use developments (e.g., compact cities, smart growth, Transit Oriented Development (TOD),
Complete/Livable Streets and home zones), or collective/commercial ownership (car/bike
sharing).
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However useful these classifications of niches may be, they are complicated by three sets of
issues. One is that regimes are non-singular in transport [20], especially in cities and more so in
continental Europe than in the UK and certainly the USA, Canada and Australia. In many Danish,
Dutch and German cities, for instance, there is now a decade-long tradition and sometimes dominance
of the provision, regulation and consumption of multiple forms of transport deemed environmentally
sustainable—rail, bus, also cycling—which complicate the distinction between regime and niche [13,15].
Many cycling-related, TOD or intermodal transport innovations cannot be considered radical in those
cities, although they might be labeled as such in other geographical contexts [3]. Moreover, what counts
as an incremental or radical innovation depends on how place-specific regimes interact with each
other (see also [50]). In geographical contexts where mobility systems configured around car, public
transport and cycling compete with each other—or are encouraged to do so because of wider, modally
organized institutional set-ups—, publicly financed bike sharing and/or commercial car sharing
schemes may be seen as radical innovations and often face an up-hill struggle to assert themselves. Yet,
in places where multiple regimes are more symbiotic than competitive, publicly funded bike sharing
and/or commercial car sharing schemes are more incremental innovations, enabled by incumbent
actors seeking to exploit synergies.

Additionally, the dynamics of niche innovation cannot be reduced to merely replacing or
reconfiguring one or more regimes because of their purportedly unsustainable character. Many
niches are not only about creating and expanding social networks, creating shared expectations
and visions, and collective learning about technologies or regulation, as much of the strategic niche
management literature would have it [22]. They are often political, in one of two senses. Niche
innovations can be grassroots innovations [51,52] or urban experiments [35] whose very point is to
challenge the ways in which regime actors—and others closely aligned to them—go about addressing
the climate change challenge. In the urban mobility context these innovations may be exemplified by
community-led initiatives configured around shared cars [53] or focused on cycling. Niche innovations
and experiments can also be politically in a strategic sense. This is because they are being framed and
used by political and economic elites to enhance the global competitiveness of cities and city-regions
in a (post)neoliberal world. This, for instance, was Hodson and Marvin’s [31] interpretation of the
attempts to create a hydrogen economy in London under Mayor Ken Livingstone in the 1990s and the
subsequent demonstration projects with hydrogen-fueled buses.

Thirdly, there is a tendency in the recent transport-oriented literature to focus on specific niches
and to do so in isolation from other innovations. As in the MLP literature more widely, the emphasis is
often on new technologies, such as electric vehicles (EVs), or innovations in which new technologies
play a significant role, such as most recent bike and car sharing schemes. Whilst the latter two can also
be seen as socio-cultural innovations insofar as they promote a shift away from individual ownership,
there has not been much attention for innovations in which technology plays a very limited role,
such as walk/cycle-to-school initiatives or cycling cafes and hubs for cycling training, maintenance
and/or storage. Such innovations can nonetheless be of critical importance to low-energy transitions,
because they directly seek to reconfigure elements of sociotechnical systems other than technologies
and transport infrastructures as conventionally understood, such as cultural values, user practices
and maintenance and repair. As protagonists of cultural approaches [26–30] would rightfully argue,
those innovations can play an important role in changing the meanings associated with particular
ways of moving around the city, enhancing users’ skills and confidence and ultimately normalizing
low-energy mobility in the city. Moreover, most studies so far have looked at individual or at most
several innovations rather than on larger numbers as Nykvist and Whitmarsh [19] and Geels [20]
have done. This focus on single or at most several innovations is problematic insofar that innovations
may reinforce one another (symbiosis) or rather out-compete each other, and such relations may be
place-specific. Moreover, innovations may be “entwined becomings”, meaning that one could not
obtain its distinctiveness without the realization and evolution of others. Consider, for instance, a
smartcard-based integrated ticketing system facilitating not merely the transfer between rail and bus,
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but also the storage of privately owned bikes at the train station of origin and the use of a shared car
at the destination side to overcome the first and last mile challenges, respectively. Focusing on many
initiatives and their interdependencies can thus offer a more systemic perspective on innovation in
passenger mobility.

This paper addresses the above issues through an analysis of a large number and diverse
range of innovations and their linkages in geographical contexts where multiple regimes—auto-,
bus- and velomobility—compete, coexist and intermingle. It moves beyond classifications used
previously [19,20] to consider not only the geographical scale but also the involvement of specific types
of actors and political entanglements. It also explores how the last two dimensions are critical to the
mobilization of such resources as funding.

3. Research Design

3.1. Innovations Defined

Innovation is a polysemic and contested term: it means different things to different people in
different circumstances (see also [54]). It must therefore be defined carefully, and here the term will
be used to denote a new socio-technical configuration. This definition has several implications. For
one, it means that an innovation is a combination of heterogeneous elements that link together and reach out
across space and time. Those elements may include technical artifacts and infrastructures (e.g., the bikes,
docking stations and GPS technologies in the case of recent bike sharing schemes), cultural values and
norms, standards, regulations and forms of knowledge (e.g., pricing structures, subscription systems,
such ideas as “cycling is healthy”, the rules used to make decisions on the location of docking stations),
as well as user practices. The novelty of an innovation lies in the fact that either existing elements
are put together in a novel way, or that one or more of the elements are new. The words “new” and
“novel” should be seen as relative and scale dependent. A distinction can be made between genuinely
new (i.e., the first manifestation anywhere), and new in a particular bounded territory but possibly
existing in a similar format or manner elsewhere. Borrowing from Upham and colleagues [55], we
can call the former an original innovation and the latter a diffusion-based innovation. “New” is also
relative to particular time scales. For passenger transport systems periods of 5–10 years seem to offer a
reasonable time scale to consider something novel.

The above definition mean that at any point in time the number of innovations in urban mobility
in a medium-sized city is potentially huge; any inventory or examination of innovations that can
be expected to reduce energy consumption will be selective rather than exhaustive. Yet, this is not
necessarily problematic, as long as those innovations that are likely to have the greatest impact on
energy consumption are taken into consideration. These have been identified for the cities of Brighton
and Oxford through an extensive analysis of existing documents and fieldwork (site visits, interviews).
Attention has only been directed toward place-dependent low-energy innovations with a reasonable degree
of organizational embedding in the territory associated with each city. Generic innovations that relate
to the national scale—e.g., national government’s attempts to subsidize the purchase of EVs or charging
equipment by individuals or organizations throughout England and Wales, or peer-to-peer car rental
schemes run exclusively at the national level—have been left out of consideration. It should also be
appreciated that the focus is on innovations that can be expected to reduce GHG emissions and energy
consumption per kilometer traveled; whether they do when in use is beyond the current study.

3.2. Data and Analysis

For both cities, data collection started with systematic and detailed internet searches for
relevant policy documents, reports by transport providers (e.g., bus and car club operators) and
other organizations (e.g., advocacy and community groups), information provided on websites,
newspaper articles and blog posts. In this way information from many different types of
stakeholders—incumbents, new actors and citizens—has been gathered. For both cities the focus of the
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search has been on materials since 2005; however, the majority of assembled documents relate to the
period since 2010. This seems to reflect a combination of greater innovation activity in urban mobility,
increased reporting on such innovations, and a greater inclination among organizations and (local)
newspapers to make materials available online in recent years. The initial searches were conducted in
the winter and summer of 2014 for Oxford and Brighton, respectively. The compiled archives have
since been updated continually; at present (March 2015) 400+ documents are available for Oxford and
500+ for Brighton. Within the broader research project to which this paper belongs, a selection of the
assembled documents has been subjected to in-depth textual analysis, although for this particular
piece the emphasis has generally been on extracting information on the size and origins of financial
budgets for particular initiatives.

The document analysis has been complemented by site visits by the author to experience specific
innovations, and by in-depth interviews conducted by the author and/or co-workers. To date, 16
interviews have been conducted in Oxford and Brighton with mid-range and senior officials in local
transport policymaking, local politicians, and representatives of bus/rail operators and community
organizations. Interviews lasted between 30 minutes and two hours and were audio-recorded. Relevant
parts have been transcribed and subjected to a largely inductive form of thematic interview analysis
(cf. [56]).

3.3. Comparative Case Study Approach

This study adopts a case-study approach on the grounds that a specific city as case—if chosen
carefully, and with appropriate caveats—can offer valuable insight in processes that exceed the city in
question. This is especially so if a “critical case” with strategic importance in relation to a more general
set of issues is examined [40]. However, this paper does not look at a single case-study but at two,
which reflects its understanding of cities as “open, embedded and relational” [57] (p. 481). Cities are
not sealed off, independent territorial units; they are articulations or nodes within wider—national and
increasingly globalized—networks through which ideas, capital, objects and people circulate. Cities
shape those circulations and are shaped by them; they are at once relational and territorial [58] as wider
flows and dynamics are refracted through place-specific historically sedimented amalgams of social
practices and customs, institutions and built environments, including transport infrastructures [59]. In
this context considering two cities, rather than one, sensitizes us toward appreciating “interconnected
trajectories [and] moves us away from searching for similarities and differences between two mutually
exclusive contexts and instead toward relational comparisons that uses different cities to pose questions
of one another” [57] (p. 480).

For Flyvbjerg [40] (p. 307) “no universal methodological principles exist by which one can with
certainty identify a critical case”. Hence, the decision to select Brighton and Oxford as case studies
was based on what Bertilsson [60] calls an under-coded abduction. This is an “on trial” inference, or
“the best, or the most economical at hand in order to solve [the] puzzle” [60] (p. 379) of identifying
something—two critical cases—that can actually only be known through induction afterwards, once
large numbers of materials have been assembled and scrutinized in a time-intensive process. In the
current study the on trial inference was based on prior understanding of both cities’:

� Transport system—both cities are known to have very high levels of bus usage, in the UK only
surpassed by London;

� Land use configuration—both are compact cities with significant planning constraints on
expansion: Oxford is surrounded by a green belt, Brighton by the sea and nature reserves;

� Local economy—in both cities based on IT, knowledge intensive services, higher education, high
tech manufacturing and tourism; and

� Population composition—large shares of highly educated young adults and professionals, often
with progressive political beliefs (Brighton and Hove is the only local authority in the UK
that in 2011–2015 had a local administration led by the Green Party), in combination with
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considerable pockets of social deprivation in South East Oxford and toward the east and north-east
of Brighton’s city center. Both sets of conditions depress car ownership and usage levels [61] and
are conducive to bus travel and walking.

Nonetheless, there are also important differences between the two cities, of which three deserve
particular mention. Brighton and Hove’s population is almost twice as large, with 273,400 inhabitants
against 150,200 in Oxford (2011 Census). Additionally, Brighton is a unitary authority with a single
governmental organization—Brighton and Hove City Council (BHCC)—responsible for local transport
planning, whereas local transport policy in Oxford involves both Oxfordshire County Council, which
is the statutory regional transport authority, and Oxford City Council. This governmental complexity
may influence local government support for innovations in urban mobility in Oxford. Finally, whilst
Oxford has a long-standing reputation for high levels of cycling (within a UK context), Brighton’s
hilly topography is widely seen as making cycling less attractive. This is to some extent borne out by
Table 1, although this also demonstrates that cycling for commuting has roughly doubled over the
2000s in Brighton.

Table 1. Modal split and increase in cycling for commuting (derived from [62,63]).

Brighton and Hove Oxford City

Modal split (2011)

Car/van driver 39.9% 36.2%
Car/van passenger 3.9% 3.5%

Train 11.3% 2.7%
Bus 15.2% 17.8%

Cycling 5.4% 19.1%
Walking 22.2% 18.8%

Other 2.1% 2.0%

Increase in the number of people cycling to work (2001–2011) 109% 33%

For ease of comparison the analysis below concentrates on low-energy innovations within the
administrative boundaries of each city, the territories of BHCC and Oxford City Council.

4. Innovations in Brighton and Oxford

4.1. Caveats

In recent years place-dependent low-energy innovation activity with regard to the everyday
mobility of people has been extensive in both Brighton and Oxford (Tables 2 and 3). It is even tempting
to infer that both cities are transitioning toward reduced emissions and energy consumption in
mobility. However, the information in Tables 2 and 3 is inevitably partial and in some ways indicative.
That partiality follows from the fact that many small-scale and more or less informal initiatives by
local community members (e.g., neighborhood/street-level peer-to-peer car sharing or awareness
raising events, mobility management schemes by local employers) could not be included due to
non-availability or paucity of information and documentation. Moreover, many minor innovations
may well go unnoticed to the individuals involved, irrespective of their social role (community
member, entrepreneur, policymaker, and so forth), and are therefore not documented in a publicly
available format.

The contents of Tables 2 and 3 is indicative in regards to timing and budgets. As far as timings
are concerned, it is usually very difficult to pinpoint the moment at which a particular innovation
starts, so the emphasis in Tables 2 and 3 has been placed on the time at which initiatives became
available for use, came in operation, or physical (re)construction took place. Information on available
budgets in policy documents or press releases is often imprecise and based on a priori intentions;
actual expenses can differ from that information in various ways. Budget overruns may occur, and
based on the work of Flyvbjerg and colleagues [64,65]—even if those authors’ interest was in larger
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projects than those considered here—their possibility should not be discarded easily. Consider one
example from Brighton. Press releases and reports in the local media habitually refer to £850k or
£900k as the budget for Brighton Station’s Cycle Hub, a building that has recently been erected next
to the train station with Dutch-style cycling parking for 500 bikes, as well as a bike repair and cycle
shop, a café, changing/shower facilities and a fitness facility. However, during one of the interviews
it became clear that in reality the project would cost at least £1.2m because of various contingencies
during the construction phase.

Moreover, information on the budgets for particular projects in policy documents or media reports
often excludes a range of actual costs, such as the labor costs of involved personnel, money spent
on preparatory research (e.g., feasibility studies), and the time needed to prepare bids to funding
agencies. On top of this, information on actual expenses is often not publicly available. This makes it
particularly difficult to gauge the budgets and costs of initiatives that are not led by local governments;
among the latter BHCC tends to disclose more information on budgets than public authorities in
Oxford. In light of these considerations, the budgets in Tables 2 and 3 have been reduced to six broad
categories—<£100k, £100k–<500k, £500k–<1m, £1m–<3m, £3m–<10m, and >£10m (without correction
for inflation)—and should be seen as conservative estimates of actual expenses. Still, a focus on
budgets is potentially more revealing of stakeholders’ priorities and orientations than the rhetoric that
is sometimes used in policy documents, press releases, brochures and the like.

4.2. General Observations

Apart from pointing toward extensive innovation activity in recent years in both cities, the
materials on which Tables 2 and 3 have been based highlight the usefulness of thinking about
innovations as ensembles of new and old elements (Section 3.1). Consider as an example Oxonbike, the
public bike sharing scheme that Oxfordshire County Council has set up for commuters in East Oxford
with financial support from the Local Sustainable Transport Fund (LSTF). The novelty of this scheme
does most certainly not lie in the idea of sharing bikes, thinking about mobility as a service, or its
framing as enhancing Oxford’s competitiveness in a globalizing economy; numerous schemes in other
cities in the UK, and indeed across the world, had long since exhausted the originality of this set-up by
2010. This scheme is innovative in its symbiotic links to other innovations seeking to reduce car use in
East Oxford, such as the expansion of the Thornhill Park and Ride (P&R) site on the eastern fringe
of the city, the improvement to the bus lane and services connecting Thornhill with key employment
sites in East Oxford and the city center, and mobility management initiatives encouraging employees
to change their commuting behavior. This, then, is a clear example of an incremental innovation with
the involved actors exploiting synergies between regimes.

Oxonbike also highlights the relativity of innovations. New to Oxford and decidedly different
from the completely commercial Brompton bike hire scheme that offers folding bikes to subscribers at
the city’s train station, it is a singular innovation yet also exemplary of the diffusion of an ensemble
of elements tried and implemented (with varying levels of success) in numerous other cities across
Europe, North America, Australasia, and increasingly in the global South. The Oxonbike example thus
allows a second general observation to be made: the vast majority of innovations are diffusion-based
rather than genuinely new (Section 3.1). The EV charging points, railway station design, information
provision through signage posts to assist pedestrian way finding, smart ticketing for bus travel, and
internet-based journey planners provide only part of the evidence to substantiate this claim. Even
the aforementioned Cycle Hub at Brighton Station bears clear resemblance to the Cycling Point at
Leeds Station, which opened in 2010, was also developed by a consortium of stakeholders led by a
train operating company (Abellio in Leeds, Southern in Brighton) and was itself inspired by similar
developments at city-center railway stations in the Netherlands. This is one reason why cities have to
be conceptualized as open, embedded and relational [48]. Initiatives move between locations; while
they are new to a, this observation is relativized once b, c, ... are brought into the frame. And yet, as the
geographical literature on innovation diffusion [66,67] and more recently policy mobilities [68–70] has

60



Sustainability 2015, 7, 7086–7111

suggested, diffusion—and particularly effective diffusion—entails adaptation and hence novelty; it is
rare that something works if it is simply transplanted from site x to y. So, whilst Upham et al.’s [55]
distinction of original versus diffusion-based innovations is useful, this cannot be seen as absolute but
should be considered in terms of degrees of originality or “diffusionness” (given a particular spatial
and temporal scale).

Seen thus, there are some innovations in Tables 2 and 3 that qualify as relatively original, at least
in the UK context. The retrofitting of Brighton’s Lewes Road—the main connection between Brighton’s
city center and the city’s two universities (Sussex, Brighton), its football stadium and the suburb of
Lewes—provides useful examples because of its floating bus stops and the construction of a bus lane
to separate a segregated cycle path from car travel. The idea of the latter is that the bus lane offers
additional protection to cyclists because it is used much less intensely than the car lane. Regarding the
floating bus stops, which are commonly observed in parts of continental Europe, a senior transport
planner highlighted the originality of the design and the learning processes involved: “it’s one of
the first times it’s been tried in the UK, we spent quite a bit of time working out how that would
actually work here. It’s not proven design and there was nothing you pull out of the guidance, the
technical guidance saying this is how you should do that. So there had to be a slight willingness
[among policymakers] for designers to go out on a bit of a limb”.
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A third observation relates to the difficulty of straightforwardly applying Nykvist and
Whitmarsh’s [19] and Geels’s [20] classifications of niche innovations to the cities of Brighton and
Oxford. The categories those authors propose overlap quite strongly. For instance, the IT-based
category that Geels distinguishes is closely interwoven with those for public transport, mobility
management and mobility services. Once those are discounted, there is little that remains other than
a residual smart traffic signaling initiative in Brighton (classified as “Other” in Table 3). Geels’s [20]
public transport category could also have been merged with others, but has been retained because
both cities have a well developed busmobility regime with (local) bus companies as powerful players
capable of developing unique innovations that are uni- rather than intermodal in the sense of only
seeking to make bus more attractive to potential users. His category of cultural and socio-spatial niches
has been traded for Nykvist and Whitmarsh’s [19] more specific class of mobility services, and their
mobility management category has been expanded slightly to also encompass forms of support, such
as cycle training and maintenance facilities. Moreover, both Nykvist and Whitmarsh [19] and Geels [20]
seem to under-appreciate the significance of retrofits to existing physical infrastructure (see below for
discussion on their status as niche) in attempts to transition toward a more cycling oriented urban
mobility system. Physical infrastructure retrofits have therefore been added as a separate category.

A further conclusion to be drawn from Tables 2 and 3 is the dominance of incumbent actors.
These include first and foremost local governments, but also the Department for Transport (DfT) at
the national level; bus companies that have served Brighton and Oxford for decades and more; and
key actors in the rail sector, such as Network Rail—the organization that manages and looks after rail
tracks and associated infrastructure as well as many stations on behalf of national government—and
well-established train operating companies such as Southern (Brighton) and Chiltern Railways (Oxford).
The question can be raised whether this dominance is problematic, and the answer is not immediately
obvious. However, as Raven [71] (p. 2392) suggests, dominance of incumbents can enhance entry
barriers for new actors with alternative views and practices and result in the “[d]anger of getting stuck
into [the] existing regime without radical transformation”. This is potentially a significant issue in
relation to urban mobility, not least because incumbent transport service providers in UK cities are
often focused on a single mode—the one they provide—and, despite significant and ongoing changes
in orientation and practice, are conditioned by routines accumulated over decades to a greater extent
than new actors tend to be.

The dominance of incumbents can be explained with reference to two sets of factors. One is that
urban transport is a tightly regulated domain of society, at least in advanced liberal democracies
like the UK. Local government, and because of the UK state’s strongly centralized character in
regard to transport despite 15 years of devolution [72] also the DfT, holds strong power over urban
mobility initiatives. In both Brighton and Oxford these manifest themselves in at least three roles for
local government:

� Regulator—for instance, being formally in charge of road/street space they play a pivotal role in
the allocation of parking bays to all forms of car club, and by having a decisive say in the granting
of franchises to bus operators, they have considerable influence over the practices of the latter.
They also provide permits for many grassroots initiatives to provide and raise awareness about
low-energy forms of urban mobility;

� Financier—they support many innovations by both private sector and community organizations
with grants. Even grassroots innovations with socially and politically progressive identities,
such as Oxford’s Broken Spoke bike cooperative and the Circus Street cycle hub in Brighton, are
to some extent dependent on small-scale financial support from local government. Financial
support can also come in the form of officer time, as exemplified by the time council staff spent
on the preparation of bids to DfT funding streams to subsidize the purchase of hybrid electric
vehicles (HEV) by the main bus operators in Oxford and Brighton; and

� Initiator—they develop, lead, coordinate and are ultimately responsible for many of the
innovations listed in Tables 2 and 3. This reflects both the changing configurations of finance in
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English transport planning (see below), and the enthusiasm and determination of many policy
makers—at all levels of organizational hierarchy—and some local politicians in encouraging a
transition toward low-energy urban mobility systems.

The other explanation is related to the first: incumbent actors, such as long-standing bus and train
operators and local government, are capable of commanding financial resources for investments in
innovations that new actors in the realm of low-energy mobility—community organizations, start-up
companies, universities, and so forth—cannot access. As already implied, a very large share of those
financial resources comes from national government but also important is capital within incumbent
firms, such as Brighton and Hove Bus Company (BHBC) and Oxford Bus Company (OBC). Both
these firms are part of the Go-Ahead Group, a national conglomerate of formerly independent
local/regional public transport companies, and their membership has facilitated investment in HEV
buses in multiple ways. The capacity to command funding is particularly important in the transport
sector, where a long-standing culture prevails of addressing perceived problems through techno-fixes
and interventions in the physical infrastructures that enable particular forms of transport.

The above discussions also have ramifications for the literature on transitions and innovations
discussed in Section 2. There are clear examples of grassroots innovations that explicitly challenge
regime actors’ ways of reducing GHG emissions from urban mobility; Broken Spoke and the Circus
Street Bike Hub have already been mentioned and other examples are North Oxford’s e-car club
and The Big Lemon, a small social enterprise in Brighton that operates buses and coaches running
on bio-fuel based on cooking oil collected from restaurants around the region. Nonetheless, and
notwithstanding the earlier caveat about the partiality of Tables 2 and 3, it seems that even in the
progressive cities of Brighton and Oxford such grassroots innovations play a fairly limited role within
innovation activity at the city level. They are critically important in servicing specific user groups
whose mobility needs are not adequately catered for by incumbents and in offering paid/voluntary
work to specific individuals who might otherwise struggle in a neoliberal labor market, but they
tend to be marginal—and in some ways marginalized—actors within transition trajectories in urban
mobility in the two cities studied here.

Indeed, the more strategic sense in which low-energy innovations are political seems to be more
significant, particularly in Oxford and especially in recent years. Funding is again important here:
under the Conservatives-dominated Coalition Government of David Cameron funding streams from
national to local levels have increasingly been reframed and repurposed. Local initiatives seeking to
reduce emissions and energy consumption in urban mobility have to make a clearly identifiable—i.e.,
with conventional transport appraisal methods quantifiable—contribution to economic growth and
city-regions’ competitiveness in the global marketplace. This even applies to the LSTF and has played
a significant part in DfT’s decision-making about which local governments to allocate funding.

4.3. Geographies of “Radicalness”

The general observations above also raise questions about the usefulness of the regime/niche
distinction in relation to urban mobility in Brighton and Oxford. Given the dominance of incumbent
actors in initiating, coordinating and funding low-energy innovations, dualistic opposition—regime
versus niche—is to be avoided; differences are at best gradual. There are only degrees of “radicalness”
of innovations in terms of differences vis-à-vis existing regimes in both a technological and a social
sense, and those degrees are geographically differentiated. Three examples can clarify this point.

Firstly, car clubs—the English term for formal car sharing schemes operated by a for-profit
company (e.g., City Car Club and the North-American company Zipcar which took over UK-based
Streetcar in 2010) or a not-for-profit organization (e.g., e-car club which runs the North Oxford
community scheme that at the moment of writing was still organized around a single car)—are much
better integrated into the regimes of auto- and busmobility in Brighton than in Oxford. This is partly
a scale issue: according to City Car Club (CCC), the sole commercial operator in Brighton in 2014,
that city has the largest use of car clubs in South East England outside London. Indeed, Oxford’s
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36 cars across four operators in mid-2014 are clearly outnumbered by CCC’s 100+ vehicles, which
are also more differentiated in terms of size and type than Oxford’s and distributed over more than
60 pick-up locations in Brighton. This is one reason why BHBC collaborate with the car club and bus
card holders enjoy a reduced first-year subscription rate to CCC (Table 2). Yet, political support is also
important: Brighton’s minority Green administration has actively promoted Brighton’s car club and in
some documents prides itself as championing car sharing (even if some policymakers’ support is more
ambiguous, in part because CCC was one of several car clubs that were reluctant to get involved in an
EU-funded attempt by policymakers to extend car sharing to some of the city’s more deprived areas).
An important consequence of the Greens’ actions has been to facilitate the emergence of symbiosis
between auto- and busmobility in Brighton. This stands in sharp contrast to Oxford where car sharing
has received much less active support from politicians and policymakers, and relationships with the
bus sector are non-symbiotic. Car sharing innovations are more radical in the sense of differing more
strongly from prevailing regimes in Oxford than in Brighton.

Secondly, juxtaposing Tables 2 and 3 demonstrates considerably greater investment in HEV buses
by bus companies in Oxford than in Brighton. At the same time, BHBC has invested much more in
Euro 5 standard compliant (i.e., emitting no more than 2.0 grams of NOx per kilowatt hour of engine
power) buses than OBC, its Oxford sister-company with a smaller bus fleet. This difference is to
some extent linked to Oxford City Council’s air quality strategy and the collaboration of county and
city councils with all bus companies serving the city center in order to create a Low Emission Zone
(LEZ). Effective since January 2014, the LEZ concentrates on NOx levels but still has important GHG
emission reduction co-benefits. In Oxford and beyond, the LEZ is seen as a concrete success in tackling
long-standing problems with poor air quality. It is one of the first in the UK outside London and
stipulates that buses should be at least Euro 5 compliant (although there are many exceptions watering
down what at first glance appears to be a very solid measure). However, by ordering many HEV buses,
OBC has gone beyond what has been required, which seems to reflect both its wider philosophy—it
positions itself “one of the greenest bus companies in the UK” ([73], no pagination)—and anticipation
of more ambitious plans by the city to create a zero-emission zone in several years. As they have
been embraced more fully and at an earlier point in time in Oxford, HEV bus technologies are more
radical in Brighton (albeit considerably less radical than those of The Big Lemon, which is also socially
radical because it is a social enterprise that is more deeply committed to environmental and social
sustainability). All in all, green propulsion technologies are more radical in the Brighton than the
Oxford context.

Finally, there are differences in the position of cycling. Not only has cycling long since been more
common in Oxford; that city has also had for some time now a subaltern regime [20] of velomobility
characterized, amongst others, by dedicated physical infrastructure along many of the city’s main roads,
a substantial number of bike shops, local government offering cycling training in primary schools,
support for cycling by two universities and—in the UK context—high usage levels among the general
public. This regime has certainly expanded and gained in complexity and texture over the past decade,
but the situation in Oxford is quite different from that in Brighton. There the local government has been
very proactive in trying to create a cycling regime, partly in response to autonomous developments
within the local community but also because of strong support from some local politicians, especially
from the Green Party (although cycling continues to be a subject of political contention in Brighton).
Since 2005, local government has concentrated on two sets of initiatives that can, following convention
in transport studies [74,75], be classified as:

� “Soft”—cycling training in schools and more recently also the city’s two universities, as well as
travel planning for households, employers and businesses; and

� “Hard”—the creation of a network of retrofitted major thoroughfares, including Lewes Road,
as well as the provision of bike racks and other minor interventions in the materiality of public
spaces to make cycling more convenient. The idea has been, in the words of one senior transport
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planner, to create the quality of infrastructure “so you don’t have to be a kind of hardcore cyclist,
it’s designed for all levels of ability”.

It has taken about a decade to realize and implement these initiatives and activity is still ongoing.
As innovations, they were never very radical—not least because of the strong support and involvement
of local policymakers—but over the past ten years they have been “mainstreamed” and become
increasingly incremental. As a subaltern regime of velomobility started to emerge within Brighton,
more recent innovations lost the greater degrees of radicalness characterizing earlier initiatives (even
if they can still be considered radical relative to the national scale, as the earlier discussion of Lewes
Road suggests).

4.4. Further Geographical Differentiations

There are three other geographical variations at the city level that merit attention further to the
place-specificity of what constitutes a radical innovation. One relates to subtle differences in the
geographical scope of innovations (Tables 2 and 3). Partly as a result of the greater expansion of car
clubs and emphasis on cycling-related interventions in Brighton, mobility services are more localized
in Oxford and there are more axially oriented innovations, which collectively offer citywide coverage,
in Brighton.

Secondly, trajectories of path-dependent innovation—and hence transition—are city-specific. The
previously discussed developments regarding cycling exemplify one such a trajectory, into which
Brighton has gradually become “locked in” due to several interacting processes:

� The positive reinforcement that follows from the perception that earlier initiatives have
been successful.

� The emergence of specialized expertise and a (small) workforce of travel planners within BHCC.
� Continued success with raising money from dedicated funding programs run by DfT and the

EU. In 2005 Brighton became one of six Cycling Demonstration Towns—national test bed sites
allowing governments to learn about what can be achieved in the UK with continental-European
level of investment per capita in cycling—and subsequently benefited from the follow-up Cycling
Town program (2008–2011) and more recently the LSTF (2011–2016). The city also obtained EU
funding (CiviTAS) to bolster its activities.

� The strongly territorialized nature of most cycling-related innovations: partly in response to
restrictions imposed by external funders, most travel planning projects and road retrofits have
been—and still are—limited to specific neighborhoods in the city, meaning there has been at least
until now a supply of areas for retrofit and travel planning.

A similar cycling oriented trajectory cannot be discerned in Oxford. This is partly a consequence
of its pre-existing subaltern regime of velomobility yet also reflects a more neoliberal and less
interventionist style of governing mobility by local government that has existed for several decades
(cf. [76]) but seems to be changing. Since 2012 the city has had the Oxford Cycle City strategy, aiming
to make “Oxford ... one of the truly great cycling cities of Europe” [77] in response to initiatives in
other UK cities (and the desire not to lag behind) and the buzz around cycling safety across the UK
more generally.

Oxford has also witnessed something of an electric mobility trajectory, although this is not nearly
as coherent as Brighton’s string of cycling-related innovations. The electric mobility trajectory ties
different modes and actors together as it comprises not only OBC’s substantial investment in HEV
buses (see Section 4.3) and the community-led e-car club in North Oxford. Also included are the city’s
network of charging points and the Mini-E trial ran by BMW and Oxford Brookes University (OBU).
As part of the latter, 20 Minis were provided to professional organizations, including Oxford City
Council, and to two waves of 20 householders in Oxford (and London) for several weeks, so that
drivers could learn about EVs and BMW and OBU could study the cars’ performance and dynamics in
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user practices, perceptions and attitudes. The project has so far not had a follow-up but it did make
the city council amenable to procuring several EVs and creating some non-publicly available charging
points for its own fleet. Oxford also has a network of commercially operated charging points. At
the moment of writing, there are eight locations, against four in Brighton; half are located in various
parts of the city, and the other can be found at four of the five P&R locations that surround the city
(one is equipped with rapid charging technology). As before, an important driver behind this electric
mobility trajectory is the city’s air quality problem and strategy to tackle this. Yet, this is also where a
discrepancy can be noticed between city and county council: the former is focused more strongly on
air quality, whilst the latter is formally responsible for reducing road congestion; the consequence is a
slight ambivalence in support for EV-related innovations in Oxford.

The third variation concerns funding: a comparison of Tables 2 and 3 reveals greater reliance
on supra-local—DfT and EU—funding streams in Brighton than in Oxford. This difference is due
to a combination of strategy and differential success rates: over the past decade Brighton’s local
government has been more proactive in raising external funds to finance its aspirations regarding
innovation, and early successes in obtaining grants and the reputational value created by actual
delivery on promises seem to have played a role in subsequent awards. However, actors within
BHCC also realize that success cannot be taken for granted in the near future. As a consequence of
the austerity politics of Cameron’s Coalition Government, the annual allocations of DfT funds for
transport planning to local authorities will be reduced substantially in the coming years. This will
probably mean that competition from other local governments for future funding programs—the
successor to LSTF, for instance—will become fiercer, and that less staff capacity within BHCC will be
available to prepare future bids.

Oxford may well be a strong competitor in future funding programs. Both city and council
governments seem to have become more interventionist in recent years and are now more proactive
in attempts to raise external funds from national government and the EU’s current funding program
Horizon 2020. Moreover, local government is reaching out more actively than before to actors in the
private sector and also to the city’s two universities. These more complex arrangements for governing
innovations in low-energy mobility are partly a response to funder requirements but also reflect local
actors’ shared aspiration to become a “smart city”. Transport in general and low-energy mobility
in particular have been identified as an important domain for experimentation with new (IT-based)
technologies, and local government appreciates that the city’s universities and IT firms can make
critical contributions to the realization of further innovations in electric mobility, intermodal mobility,
mobility services and mobility management. These potential innovations—like many of those included
in Tables 2 and 3—cannot be considered as being simply or even predominantly local. They transcend
administrative boundaries and hierarchically ordered, nested geographical scales (cf. [34]) but without
being placeless: they also internalize and embody the historically sedimented specificities of the
territory where they become part of existing mobility systems.

5. Conclusions

Using a case study approach and informed by the sociotechnical transitions literature, this
paper has demonstrated that many innovations contributing to reduced GHG emissions and energy
consumption from everyday mobility have been realized recently in Brighton and Oxford. Activity has
been particularly pronounced since 2010, focusing on different transport modes—and sometimes at
intermodal mobility—and involving many different actors, both incumbent and new. Examples of the
latter include start-up companies specializing in low-energy mobility, not-for-profit organizations and
collectives, and local universities. It is tempting to conclude that in both cities an innovation-based
systemic change toward low-energy mobility futures is underway. Yet, the admittedly very basic
statistics in Table 1 also suggest that, at least for commuting, private car use (in internal combustion
vehicles) remains by far the most important form of transport. There is still a long way to go toward
urban mobility that is genuinely environmentally sustainable.
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There is also a clear geography to the innovation patterns characterizing both cities, in a double
sense. Place-specific and path-dependent trajectories of innovation in each city can be identified.
There is considerably greater emphasis on commercial car sharing; cycling oriented retrofitting of road
infrastructure; and travel planning focused on residences, workplaces and educational institutions
in Brighton. In contrast, there has been greater activity in electric mobility in Oxford, partly because
of greater air quality issues and more concerted action from local government on these. The second
sense relates to how innovation activity in each city is relational and embedded in wider geographical
configurations. In both cities most activity is funded by money that comes from national government
sources, but Brighton’s local government has so far been more proactive and more successful in raising
money from specialized funding programs oriented at cycling and/or sustainable transport run by
national government and the EU. This appears to be changing, however, and Oxford has recently
become more proactive in obtaining supra-local government funding. Whilst this is to some extent the
consequence of wider processes of state restructuring in the UK (cf. [78]), the findings also demonstrate
the importance of understanding cities as at once relational and territorial [58] rather than as bounded,
sealed-off and independent containers in which innovations unfold.

In fact, the financial arrangements discussed in this paper are one source of vulnerability and
uncertainty when it comes to future innovation activity and the continuation of transition trajectories.
This is because national and EU funding is to be obtained via competitive bidding processes, the
outcomes of which cannot be guaranteed in advance. Whilst this study suggests that success in
obtaining grants and project delivery seems to breed success, the consequences of failure in obtaining
the next tranche of funding are not insignificant. Not only will particular lines of innovation activity
have to be cut short, local governments will also lose staff and hence expertise and human capital.
This may reduce the speed of sociotechnical transition as well as the trajectories followed, even
if the broader direction of travel towards reducing energy consumption and GHG emissions may
remain unaltered. Another vulnerability that has surfaced relates to fluctuations in political support
for particular types of innovations. As has been suggested, support from local politicians has been
important in driving forward cycling projects and the expansion of car sharing in Brighton and to
a lesser extent cycling-related innovations in Oxford. Whilst very important, such support is also
precarious: it is tied to electoral cycles and can also shift in-between election periods (for instance,
under influence of local media campaigns or the actions of pressure groups). It is beyond this paper to
explore the temporalities of political support in both case-study cities; suffice to say that there have
been significant fluctuations in Brighton in particular, and that these have at times threatened the
survival of specific innovations.

The above reflections on vulnerabilities and cities’ situatedness in wider spatial configurations
of finance—as well as regulation and expertise—raise another issue. As previously discussed, both
Brighton and Oxford are in many ways privileged when it comes to the emergence and flourishing
of low-energy innovations in the everyday mobility of people. If low-energy transition trajectories
and (future) innovations are already prone to precariousness, vulnerability and uncertainty in those
cities, what can be expected for others where conditions are less favorable? This question obviously
demands empirical scrutiny but, as far as the pace of transition processes is concerned, the findings for
Brighton and Oxford do not bode particularly well for smaller and medium-sized cities (up to ±0.5 M
inhabitants) at the heart of urban areas with much weaker bus- and velomobility systems in terms
of physical infrastructure, regulation, formal expertise, financial resources, cultural values and user
practices. It would appear, then, that cities have a significant role to play in reducing GHG emissions
and energy consumption in transport in advanced liberal democracies like the UK but expectations
about what they can achieve should be realistic. By no means should cities be heralded as actors
who can bring about significant change semi-autonomously. This is to deny both the social, political,
cultural, technological and other struggles that characterize cities, and the critically important role
that national and supranational (EU) level actors play in shaping their innovation and low-energy
transition trajectories.
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Abstract: To deliver tangible sustainability outcomes, the infrastructure sector of the construction
industry needs to build capacities for the creation, application and management of ever increasing
knowledge. This paper intends to establish the importance and key issues of promoting sustainability
through knowledge management (KM). It presents a new conceptual framework for managing
sustainability knowledge to raise the awareness and direct future research in the field of transport
infrastructure, one of the fast growing sectors in Australia. A holistic KM approach is adopted in this
research to consider the potential to “deliver the right information to the right person at the right
time” in the context of sustainable development of infrastructure. A questionnaire survey among
practitioners across the nation confirmed the necessity and identified priority issues of managing
knowledge for sustainability. During infrastructure development, KM can help build much needed
industry consensus, develop capacity, communicate decisions, and promote specific measures for
the pursuit of sustainability. Six essential elements of the KM approach and their priority issues
informed the establishment of a conceptual KM framework. The transport infrastructure sector
has come to realise that development must not come at the expense of environmental and social
objectives. In practice however, it is facing extensive challenges to deliver what has been promised
in the sustainability agenda. This research demonstrates the importance of managing sustainability
knowledge, integration of various stakeholders, facilitation of plans and actions and delivery of
tangible benefits in real projects, as a positive step towards meeting these challenges.

Keywords: infrastructure; transport projects; sustainability; knowledge management; practitioner
perceptions

1. Introduction

Infrastructure in the Australian context typically includes utilities such as roads, ports, railways,
power lines, water pipes, power generation buildings, sewer plants, and other tangible structures [1].
Transport infrastructure systems, consisting of highways, roads, railways and ancillary facilities such as
bridges, are often considered as the backbone of a country’s economy. They support basic urban activity
and play a fundamental role in determining the nation’s economic efficiency and productivity [2,3].
Over the recent years, the growth of Australia’s dispersed population in emerging regional centres, the
boom of resource exports, growing social expectations, and international competition have been the
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driving forces of infrastructure development and regeneration [4–6]. Most projects are in the transport
segment, including road networks, railway links and airport expansions.

While responding to the growth with real action plans, local, state and federal governments have
recognised that infrastructure development can cause significant economic, environmental and social
concerns [7,8], which are the foundational pillars of the commonly recognised triple bottom lines
(TBL) of sustainability. Infrastructure development, particularly transport-oriented, is closely related
to all facets of sustainability, as it often requires significant levels of resources and finance, causes
disturbance to the natural environment and impacts upon the local community [9]. With depleting
resources, increasing public awareness on wellbeing, stronger evidence of climate change and the
global economic slowdown, it is not difficult to build a logical link between sustainability and transport
infrastructure. On the positive side, expanding and regenerating Australia’s infrastructure system has
been seen as the principal means of enhancing economic growth and national productivity [3,8,9].

Increasingly, stakeholders accept that the development of infrastructure must not come at the
expense of the environment and social objectives. As an example, in Queensland, the Department
of State Development, Infrastructure and Planning replaced the Integrated Planning Act with the
Sustainable Planning Act 2009 [10], to reflect a stronger focus on ecological sustainability as the
outcome of planning decisions. Within only a few years, the Act was changed to the Sustainable
Planning (Infrastructure Charges) and Other Legislation Amendment Act 2014, to embrace new
requirements [11].

Practitioners of the infrastructure sector generally agree that infrastructure sustainability can be
delivered through incorporating sustainable solutions into design, construction and operation of the
transport facility. In practice however, they are facing extensive challenges to apply sustainability
principles into their professional domains and real projects to deliver tangible outcomes [2,12].
According to past research, the challenges may be manifold. Immaturity and uncertainty of the
body of ever increasing sustainability knowledge, different interpretation of starting and ending
points, varying professional perspectives and priorities, the lack of exemplar projects, and shortage
of knowledgeable practitioners are just a few examples [13–16]. Compared to other fields such as
buildings, sustainability in infrastructure development has not received as much research focus as it
requires [15,17].

Pathriage et al. [18] argue that the construction industry needs to intensify its efforts to move to
a knowledge intensive mode. It is also believed that better decision-making towards sustainability
goals can only be achieved when stakeholders are informed of and continuously updated with new
concepts, knowledge and expertise across organisational, professional and hierarchical boundaries [19].
Furthermore, as stated by Wallace [20], sustainability needs multi-disciplinary collaboration and
innovative solutions, which are highly dependent on a knowledgeable workforce, good communication
and a culture of care and innovation. There is a clear and urgent message to the infrastructure sector to
not only build and expand the body of sustainability knowledge among practitioners, but also find a
better way to manage it at individual, project, organization and industry sector levels.

From a functional perspective, knowledge management (KM) can be seen as a “systematic
approach to manage the use of information in order to provide a continuous flow of right knowledge
to the right people at the right time, enabling efficient and effective decision making in their everyday
business” [21]. Despite being a relatively new concept, KM is regarded as a broad and expanding tool
to manage new information in diverse contexts in industries and businesses [22,23]. KM has shown
its worth through existing applications in the building construction sector [24–26]. Various attempts
have been made to develop strategies and mechanisms to manage construction knowledge [24,27].
However as shown by earlier examples, few have incorporated sustainability issues and requirements
in infrastructure works [18,28–31].

With reference to literature and findings of related work in other construction sectors, this
paper discusses results of a recent questionnaire survey among transport infrastructure practitioners
which helped verify the necessity, determined priority issues and outlined focus areas for managing
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sustainability knowledge. They responded to six aspects of KM issues from individual professional
experiences as well as project and organizational circumstances. Stemming from this finding,
a conceptual framework of managing sustainability knowledge is developed for practitioners to
promote a holistic KM approach to facilitate sustainability knowledge creation, capture, share and
application in the Australian transport infrastructure sector. It will also be used as the foundation for
on-going research work on the processes and guidelines of knowledge management specific to this
industry sector.

2. Research Method and Data Collection

2.1. Research Focus

Knowledge needs to be managed for effective applications. Knowledge management is an
expanding topic contributed by a diverse range of disciplines such as cognitive science, information
technology, organisational theory, library and information sciences, and document and information
management, with a multi-fold mix of strategies, tools, and techniques [22,23,32]. In this research
context, sustainability knowledge can be defined as the type of knowledge that improves the
understanding, uptake, and end results of sustainability during projects’ life cycles. For transport
infrastructure development, sustainability knowledge may come in the form of past experiences,
design ideas, guidelines and policies, rating tools and indicators and technology innovations (Table 1).

Table 1. Types, locations and characteristics of sustainability knowledge examples.

- Project Experiences
Government

Guidelines/Polices
Assessment

Tools/Indicators
Underpinning

Theory/Technology

Location Individuals External resources External resources External

Type Explicit/tacit Explicit Explicit Explicit

Characteristic

- Mostly reside in
people minds;

- Hard to track,
record and
widely share.

- Vague and general.
- More about

environment protection

- Mainly developed
from building
assessment tools

- More for
environment
performance assessment

- Evolving in nature

- Complex and
should consider
extra systems

- Many of them do
simply not
exist currently

Embedding sustainability principles for project delivery presents many challenges [17].
Wallace [20] summarised five important conditions to be met in order to improve project sustainability
performance: (1) a knowledgeable and committed project owner; (2) a high-performance project team;
(3) alternative procurement and contracting mechanisms; (4) high but achievable sustainability goals
and objectives; and (5) access to and willingness to share knowledge and achievements. With reference
to previous studies on managing knowledge in the construction industry, the authors considered how
transport infrastructure development processes relate to these conditions and decided on a survey
study focusing on six key KM elements as listed below:

• The body of sustainability knowledge
• KM strategy
• Stakeholder integration
• KM process
• KM enablers
• Outcomes of managing sustainability knowledge
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2.2. Survey Distribution

A structured questionnaire, consisting of nine sections with 37 questions, was developed to
collect practitioners’ opinions on the abovementioned key elements. Research objectives, methods
and approach, and literature review findings guided the formulation of the survey questions. As the
majority of the survey questions are concerned with the prioritisation of perspectives rather than
dealing with relationships among factors, they were framed on a five-point Likert scale with the mean,
frequency and standard deviation of the grouped data assessed to determine the rank order. Because
of this, the analysis used simple statistics to consider Means and Standard Deviations only, rather than
engaging non-parametric studies.

Respondents were selected from the main stakeholder categories involved in large transport
infrastructure projects in Australia, representing both public and private sectors, e.g., general
contractors, subcontractors, suppliers, government agencies, consulting firms, and clients.

The survey was conducted through an online survey tool named Survey Monkey, which helps
publish surveys on a website and generate pass code and filters to collect responses.

The first distribution approach was through email. Initially, 120 potential respondents were
selected from leading organisations that worked on transport development projects across Australia,
using a combination of existing industry databases, online search, and recommendations from
industry-based research collaborators. They were each given a login name and password to the
online survey by email. The initial responses were monitored. Non-respondents were followed up
during the course of the survey with email reminders. In the end, out of the 120 questionnaires mailed
to the potential respondents, 18 invitations were returned undelivered and 39 received responses.
A total of 31 out of the 39 responses were fully completed and considered valid for data analysis, which
gives an effective response rate of 30% (31/102) in this first part.

The second distribution approach was via professional associations. AIPM (Australian Institute
of Project Management) and Engineers Australia (EA) offered their assistance by including the survey
information in their regular newsletters. A specific online collector was set up to collect these responses.
Twenty-eight were collected during the course of the survey, out of which 18 were valid for full
completion of the survey as well as fitting the required respondent profile. However, it was not
possible for the researchers to identify how many potential respondents were reached through this
method, and potentially, only a small percentage of AIPM and EA members may have fulfilled the
requirements of this survey.

In the end, 49 valid responses were used for data analysis. This study considers the prevailing
opinions and common practices of managing knowledge in order to identify priorities and portray a
general picture, as the foundation for further research.

2.3. Survey Respondents

Figures 1–3 shows the characteristics of the respondents. Figure 1 shows that about 70% of the
respondents have more than 10 years of professional experience. Figure 2 shows that 86% of them are
from engineering and project management professional backgrounds directly required and involved
in infrastructure projects. This confirms the suitability and authenticity of the data collected. This also
made the researchers decide not to use non-parametric analysis to consider group dynamics.
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Figure 1. Respondents’ professional experience in the infrastructure sector.

Figure 2. Professional role of respondents.

Figure 3. Organisation’s type.

Respondents are from both public and private organisations, and together represent every
stakeholder type in the industry (Figure 3). The main portion of the respondents is from the general
contractor (42.9%), which is the main stakeholder in the transport infrastructure sector. Others are from
engineering firms, consulting firms and government agencies (18.4%, 16.3% and 12.2%, respectively).
The category of organisation is based on self-description by the respondents, thus there might be a
slight overlap between engineering firms and consulting firms as some of the consulting firms provide
specialised engineering services. Only 2% represented clients of infrastructure projects. Part of the
reason is that it is hard to recognise or target clients of infrastructure markets. The other is because
many infrastructures are state owned or temporally owned by the private sector (e.g., BOT/PPP
projects), thus some of the real clients are hidden in the contractor and government agency category.

3. Research Findings

The authors analysed valid questionnaires using simple statistics to portray a general picture of
KM application in the transport infrastructure sector. Findings are categorised into the six key KM
elements described in the last section. Accordingly they are discussed in the following six sections.
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3.1. KM Strategy

Knowledge management encompasses a systematic approach to managing the use of information.
In this way, it provides a continuous flow of knowledge to enable the efficient and effective decision
making by key decision makers. The approach is underpinned by a KM strategy, which enables an
aim and focus for KM activities [22].

According to the results in Table 2, the logical link and necessity of adopting KM to promote
sustainablity application in infrastructure developement has again been confirmed. It is widely
accepted that sustainability considerations are very important (4.47/0.58) and managing related
knowledge are considered greatly helpful (4.22/0.65). Respondents also believe that achievements in
sustainability contribute to organisational performance.

Table 2. Linkage between infrastructure, sustainability and KM.

Statements Mean SD

Sustainability issues need to be considered when developing infrastructure projects. 4.47 0.58
Consideration of sustainability issues can help my organisation’s performance. 4.08 0.95

Managing related knowledge will help in promoting the sustainability of infrastructure projects. 4.22 0.65
My organisation currently has a KM strategy or is willing to have a KM strategy. 3.47 0.92

In my organisation, there are specific KM criteria to manage sustainability knowledge. 3.14 0.89

Note: 1-Strongly Disagree, 2-Disagree, 3-Neutral, 4-Agree, 5-Srongly Agree.

With strong competition over the volatile economic conditions in the last decade, some
construction organisations have begun using KM to obtain and maintain advantages [33]. However,
according to this survey, most of the infrastructure practitioners hold reservations on the current usage
of KM according to their experience. In their opinion, KM is still a new concept. For the infrastructure
sector, there is no general KM process or framework to follow.

Table 3 shows the main impetus ranked by the respondents in promoting sustainability pursuit
and application in the organisation. The biggest drivers in this regard are client awareness and
requirement, business benefit, government regulation/legislation and social responsibility.

Table 3. Main Impetus for promoting sustainability pursuit and applications.

Rank Impetus Mean SD

1 Client’s awareness and requirement 4.45 0.77

2 Business benefits 4.10 0.87

3 Government regulations and legislation 4.04 0.96

4 Organisational reputation 3.88 0.88

5 Social responsibility 3.63 1.23

6 Community awareness 3.50 0.96

7 Improved competitiveness through labels, such as “Green Firm” 3.39 1.24

8 Threat of climate change and/or other global crisis 3.33 1.30

9 Problem solving 3.24 1.22

10
Use of new procurement method in which the developer is responsible

for maintaining the project for a period (e.g., PPP, BOT) 3.10 1.25

Note: Level of Importance: 1 Low → 5 High.

Client awareness and requirement are the most important impetuses (highest mean, lowest
standard deviation), something which is also frequently suggested by the literature. In real projects,
if the client is not particularly interested in sustainability, the contractor usually is unlikely to actively
pursue it, as the contracting industry will typically do just enough to get the project built and pushes
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the community or social issues back to the client. It is common that the whole development is driven
by client’s documentation. To truly progress sustainability, clients need to be adamant in the project
proposal and be clear about the requirements.

The main barriers to the application of sustainability knowledge are listed in Table 4.

Table 4. Key Barriers to pursue and manage sustainability knowledge.

Rank Barrie Mean SD

1 Difficult to measure the return on investment 4.04 1.02
2 Lack of co-ordination and consensus between stakeholders 3.73 0.95
3 Sustainability concepts are not well understood 3.73 1.00
4 Hard to connect sustainability target with organisational business strategy 3.61 0.81
5 Highly fragmentary nature of the industry 3.55 1.04
6 Will increase project budget/cost 3.47 1.26
7 No standardisation of key processes to follow 3.43 1.15
8 Project-oriented nature of the business development type 3.35 1.28
9 Labour-incentive nature of the infrastructure construction industry 3.16 1.39
10 Lack of top management’s commitment 3.12 1.03
11 Complex nature of infrastructure project development 2.98 1.15
12 Poor financial resources 2.90 1.19
13 Poor non-financial resources 2.82 0.97
14 Long duration of infrastructure project development 2.74 1.22
15 Will extend project completion period 2.73 1.22
16 Will generate higher risk 2.67 1.39
17 High staff turnover 2.56 1.15
18 Intellectual Property protection issues 2.51 1.24

Note: Level of influence: 1 Low → 5 High.

“Business benefits” is ranked second in Table 3. This shows that sustainability will be strongly
promoted if organisations can see tangible results from its application. However, as shown in Table 4,
the biggest barrier is the difficulty in measuring investment returns in regards to sustainability
(4.02/1.02). As sustainability applications in transport infrastructure are still being explored, industry
best practices and exemplar projects are rare. The body of knowledge provides limited underpinning
for the industry to tangibly measure the input and output of sustainability. Easy-to-follow frameworks
and examples should be put on top of the development agenda.

The limited understanding of the sustainability concept and the lack of consensus between
stakeholders are the second big hurdles which may strongly limit people’s absorptive ability and
differentiating ability towards more sustainable designs and activities. Literature suggested that the
lack of general and professional education is one of the reasons [17,34]. Better decisions can only be
made if all the stakeholders have abundant and up-to-date knowledge to tap into. It also makes a big
difference if they deeply care about sustainability through internal volition. For example, it is common
in the construction industry that people see sustainability as another expression of “environmental
protection”. Such views narrow the scope of professional responsibility, as well as the opportunities to
perform beyond compliance.

3.2. The Body of Sustainability Knowledge

Table 5 describes the current quality of the body of sustainability knowledge. Respondents agree
that sustainability knowledge is very subjective (4.12/0.63) and challenging to acquire (3.73/0.95).
As suggested by the literature, sustainability can only be achieved though a multi-disciplinary
approach, which is especially important for infrastructure development, as the knowledge is
fragmentary and evolving constantly [20,33].
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Table 5. Characteristics of sustainability knowledge for infrastructure development.

Rank Statement Mean SD

1 It is subjective, means different things to different people. 4.12 0.63
2 It is challenging to acquire. 3.73 0.95
3 It is dynamic and evolving constantly. 3.61 0.95
4 It is fragmentary. 3.59 0.86
5 It is challenging to articulate and comprehend. 3.59 0.81
6 It is embedded in personal mind, hard to be codified and transferred. 3.33 0.88
7 It is challenging to be adjusted and used in other project. 3.22 0.94
8 It is immature to be implemented. 3.14 0.91
9 It is contextually/culturally sensitive. 2.94 0.94

Note: 1-Strongly Disagree, 2-Disagree, 3-Neutral, 4-Agree, 5-Srongly Agree.

Table 6 lists the main sources through which industry practitioners can obtain sustainability
knowledge. People tend to find help within the organisation as colleagues and internal experts are
ranked the highest (4.2/0.84, 3.92/0.84, respectively).

Table 6. Primary sources for sustainability knowledge.

Rank Knowledge Resource Mean SD

1 Colleagues 4.2 0.84
2 Internal expert 3.92 0.82
3 Industry best practice 3.59 1.10
4 Deliverables from previous stages 3.49 0.84
5 External consultant 3.31 1.16
6 The construction project team 3.31 0.99
7 Internal training/workshop/seminar 3.29 1.08
8 Government agency 3.00 1.10
9 Quality Assurance Process 2.90 1.14
10 Research institution 2.86 0.96
11 Internal database 2.90 1.03
12 Industry association 2.73 1.25
13 Other industry 2.55 1.08
14 Other organisation 2.45 1.26
15 Local communities 2.49 1.06

Note: Level of Importance: 1 Low → 5 High.

It is common nowadays for organisations to use internal databases for information storage
and applications. Many also invest heavily in computer tools that can generate various reports.
However, respondents of this survey do not currently see internal databases as a highly valued
knowledge resource. Reasons for this can vary. While specialised computer packages are important,
better-structured catalogue systems and more user-friendly and controllable databases can be just as
helpful. Furthermore, an index of expert and knowledge maps can be an efficient and applicable tool
for locating sustainability knowledge.

Sustainability knowledge is people- and projects-based. Thus a “subject” KM approach should
be developed which puts emphasis on ways to promote, motivate, encourage, nurture or guide
the process of knowing, and abolishes the idea of trying to capture, then distribute knowledge.
This view mainly understands KM as a social communication process, which can be improved by
collaboration and cooperation support tools. In this approach, knowledge is closely tied to the
person who developed it and is shared mainly through person-to-person contacts. The main role
of Information and Communication Technology (ICT) in this case is to help people to communicate
knowledge, not store it.

The authors also attempted to categorise sustainability knowledge according to respondents,
however taxonomy could not be built by using the survey results. The top three ranked items
are lessons learned from internal projects (4.24/0.85), staff personal capabilities/skills/experience
(4.06/1.05) and industry best practice (4.00/0.89). This finding echoes the observation that the main
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carriers of sustainability knowledge are exemplar projects, as well as experienced and knowledgeable
industry professionals.

3.3. Infrastructure Stakeholder Integration

Construction professionals, from both private and public sectors, are under pressure to maximise
economically feasible, socially viable and environmentally accountable project outcomes. They will
require the adoption of sustainability principles during project conception, design and planning, and
innovative technologies and products during construction and operation. However, due to their
different level of input and their professional influence, the implementation of sustainability in a
certain project always highly relies on the stances of the key stakeholders and their priorities.

Table 7 lists the ranking of the influence of the main stakeholders in regard to the pursuit and
management of sustainability knowledge, while Table 8 shows the current status of willingness of
different stakeholders regarding the same.

The client is considered the most powerful stakeholder (4.49/0.82). This is consistent to findings
in Table 5 that client’s requirement is the most important driver for sustainability. Project sustainability
needs to be driven from the very beginning, from the project conception and proposal stage. It also
needs to involve the end-user early. Designers are the key people to embed sustainability concepts
and principles into the project design while the project manager is the key person to transfer the
design into the actual project by managing resources, time and providing funding. As the main
stakeholders for the project, clients and designers together may source sustainability consultants
for extra support. The consultant is ranked as comparatively the most enthusiastic stakeholder in
sustainability knowledge pursuit and application. This is their core competitive advantage. However,
the attendance and influence of the consultant in a project still depends on the endorsement of the key
stakeholders, especially the client.

Table 7. Influence of main stakeholders to pursue and manage sustainability knowledge.

Rank Stakeholder Mean SD

1 Client 4.49 0.82
2 Designer 4.02 0.72
3 Project manager 3.67 0.99
4 Consultant 3.57 0.76
5 Government agency 3.53 1.12
6 Engineer 3.49 1.02
7 Contractor 3.12 1.07
8 Local community 2.73 1.2
9 Research institution 2.27 0.97
10 Sub-contractor 2.18 0.95
11 Quantity surveyor 2.12 0.99

Note: Level of influence: 1 Low → 5 High.

Table 8. Willingness of main stakeholders to pursue and manage sustainability knowledge.

Rank Stakeholder Mean SD

1 Consultant 3.65 0.67
2 Designer 3.59 0.76
3 Project Manager 3.43 0.68
4 Client 3.41 0.91
5 Engineer 3.41 0.64
6 Government Agency 3.31 0.89
7 Research Institution 3.29 0.96
8 Contractor 3.16 0.80
9 Local Community 3.08 1.00
10 Quantity Surveyor 2.37 0.88
11 Sub-contractor 2.20 0.84

Note: Level of influence: 1 Low → 5 High.
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3.4. KM for Infrastructure Sustainability

Table 9 shows the main stages of managing sustainability knowledge in a typical KM cycle while
Table 10 indicates the relative difficulties of these KM tasks. Knowledge application is seen as the most
important (4.65/0.60) while also being the most challenging task ranked by the respondents (3.86/1.00).
To promote infrastructure sustainability and deliver tangible results, knowledge application at the
project level is the critical stage, which ‘links talks to actions’ while other stages may happen at the
organisational level.

It is interesting to see that knowledge creation is seen as the second most challenging task
(3.54/1.11), however as the lowest in regards to its importance to the respondents (3.55/0.94).
According to the findings of a 2002 survey by the Australian Construction Industry Forum (ACIF),
the Australian building and construction industry in general is a very slow innovator, lagging behind
many other sectors [35]. Today, the industry still has not changed much, as most of the respondents did
not recognise the importance of knowledge creation, or at least as not high on the agenda. From the
survey, a brief KM cycle for sustainability knowledge management can be proposed, which integrates
“identify knowledge, obtain knowledge, share knowledge, maintain knowledge and apply knowledge”,
while knowledge application in the actual projects should be especially emphasised. Researchers and
practitioners around the globe also consider knowledge using (“application”, “execution”, “processing”,
“utilisation” were used by different authors as well) as the most essential activity within KM.

Table 9. Main KM process for infrastructure sustainability.

Rank KM Stage Mean SD

1 Apply knowledge 4.65 0.60
2 Share knowledge 4.39 0.79
3 Maintain knowledge 4.00 0.71
4 Obtain knowledge 3.92 0.98
5 Identify knowledge 3.86 0.96
6 Contextualise knowledge 3.65 1.20
7 Measure knowledge 3.57 0.98
8 Search knowledge 3.57 1.04
9 Store knowledge 3.55 1.06
10 Create knowledge 3.55 0.94

Note: Level of Importance: 1 Low → 5 High.

Table 10. Challenging KM tasks.

Rank KM Stage Mean SD

1 Apply knowledge 3.86 1.00
2 Create knowledge 3.54 1.11
3 Measure knowledge 3.51 0.96
4 Contextualise knowledge 3.41 1.22
5 Share knowledge 3.37 0.81
6 Maintain knowledge 3.22 0.87
7 Identify knowledge 3.19 1.08
8 Obtain knowledge 3.08 0.96
9 Search knowledge 2.71 1.08
10 Store knowledge 2.63 1.05

Note: Level of Difficulty: 1 Low → 5 High.

3.5. KM Enablers

Many factors may affect the success of KM initiatives within a project team or organization,
by presenting a positive environment for knowledge management. Enablers for sustainability
knowledge management were investigated and are shown in Table 11 in the order of importance.
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Out of the 43 listed enablers, 35 are scored over 3.5 and 13 over 4.0 on the Likert scale.
Leadership, communication skill and organisation culture are the top three enablers for sustainability
knowledge management.

Due to limited space, individual enablers will not be specifically discussed here. However the
survey results depict that “soft” enablers are much valued than the “hard” facilities. Managing
sustainability knowledge should be driven by forming leadership, establishing supportive culture and
promoting personal capability, rather than focusing on IT technology and systems.

Table 11. Main KM enablers (Level of Importance: 1 Low → 5 High).

Rank KM Enabler Mean SD

1 Leadership 4.71 0.50
2 Communication skill 4.43 0.58
3 Organisational culture 4.41 0.76
4 Project target 4.22 0.55
5 Team work 4.16 0.80
6 Organisational mission, vision and strategy 4.13 0.82
7 Technical expertise 4.12 0.67
8 Training and education 4.08 0.67
9 Multi-discipline integration 4.04 0.99
10 Sense of social responsibility 4.04 0.96
11 T-shape skill (having knowledge and skills that are both deep and broad; multi-disciplinary) 4.04 0.84
12 Capability to codify thoughts, conceptions and experiences etc. into written document 4.00 0.58
13 Stakeholder integration 4.00 0.87
14 Financial support 3.98 0.88
15 Sense of social responsibility 3.98 0.97
16 Project budget 3.90 1.01
17 Creativity 3.88 0.88
18 Innovation capability 3.88 0.78
19 Trust 3.82 0.91
20 Trust between colleagues 3.78 0.85
21 Networks of subject matter expertise 3.78 0.80
22 Financial support 3.73 0.86
23 Project risk management 3.71 0.87
24 Government administration 3.71 1.35
25 Professional education 3.69 0.82
26 Research and design 3.67 0.90
27 Change management 3.67 0.83
28 Process and organisational structure 3.67 0.69
29 Time frame 3.55 0.96
30 Industry Codes of Conduct 3.55 0.91
31 Collaboration of academics and industry practice 3.49 0.79
32 Professional association action 3.35 1.18
33 Team structure 3.31 0.85
34 Document management 3.17 0.84
35 Time management 3.16 0.75
36 Administrative support 3.14 0.96
37 IT technology and infrastructure 3.14 0.91
38 Staff incentive schemes 3.04 0.96
39 Technology and IT support 3.00 0.84
40 Increasing average profit rate 2.94 1.23
41 Ambition 2.86 1.35
42 Human resource turnover 2.86 1.04
43 Loyalty to the organisation 2.69 1.12

The listed enablers can be divided into four categories: external environment, organisational
environment, project environment and personal capability. In order to make the infrastructure
sector more knowledgeable and active in pursuit of sustainability, organisations should establish
appropriate culture, integrate sustainability to their organisational mission and strategy and provide
relevant training. Furthermore, in the project team, leadership formulation, target setting and
multidiscipline and stakeholders integrations are indispensible. Industry practitioners should
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demonstrate communication skills and improve technical expertise while developing cooperation with
other disciplines and arousing a sense of social responsibility. The industry as a whole should improve
its innovation ability and promote the liaison between relevant experts.

3.6. Outcomes of Managing Sustainability Knowledge

As the infrastructure sector is highly project-oriented, outcomes are divided into two parts in
this study: intermediate outcome, which is mainly achievable at the project level, and organisation’s
performance. Multi-choices questions were used to identify what outcomes could be improved by
managing sustainability knowledge. As shown in Table 12, project reputation is the top ranked project
outcome (75.3%) in this regard. It is followed by employee’s sense of responsibility, value delivery,
organisation’s ability to exploit market opportunity and customer satisfaction, which were chosen by
more than half of the respondents. The top selected area in organisational performance is corporate
reputation (83.3%) while customer recognition, intellectual assets and profit come next.

Many businesses have public relations departments dedicated to managing their reputation.
The findings in this study explained why some leading construction contractors publish a regular
Sustainability Report as part of the marketing scheme, as well as for consultancy purposes.

Although the direct link between promoting sustainability and profit has not been clearly
built, half of the respondents believe profit levels can be increased through better usage of
sustainability knowledge.

Table 12. Outcomes of managing sustainability knowledge.

Rank Intermediate Outcomes % Performance %

1 Project’s reputation 73.5% Corporate reputation 83.3%
2 Employee’s sense of social responsibility 69.4% Customer recognition 68.8%
3 Value delivery 65.3% Intellectual asset 60.4%
4 Organisation’s ability to exploit market opportunity 59.2% Profit 50.0%
5 Customer satisfaction 53.1% Market share 47.9%
6 Knowledge leadership 46.9%
7 Organisational adaptability 42.9%
8 Organisational creativity 40.8%
9 Reusable content created 36.7%

4. A Conceptual KM Framework

The survey results brought out a number of important issues with regards to managing
sustainability knowledge in the infrastructure sector. The key messages are highlighted as follows.

• Internal enablers are more important that external enablers, especially at the project level.
• Enablers are mainly soft in nature. IT tools are not considered very important.
• The first important driver of sustainability knowledge pursuit and application is the Awareness

and Requirement of clients, who traditionally do not actively pursue sustainability knowledge.
• The monitoring process for sustainability application should be entwined with project

management processes throughout the project and should involve the client.
• Sustainability knowledge is highly people centred. Indexing expert and best practice index can be

applicable. A “subjective” KM approach should be adopted which focuses on communication
and networking among industry practitioners and subject-matter experts.

• Promoting industry best practice should be at the top of the action plan for the transport sector.
• Sustainability knowledge application is the most important phase of the whole KM cycle; however,

it is also the most challenging.
• The role of knowledge creation warrants more study as the respondents ranked the importance of

knowledge creation the lowest, despite they believe it is highly challenging.
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• According to the characteristics of sustainability knowledge, seeking consensus among
stakeholders is a first priority task.

• It is not often possible to increase profit through managing knowledge for sustainability, as project
sustainability itself is not often directly linked to profits. However, other important aspects of
organizational performance can be improved to realize profit gains indirectly.

• Governments can impact on the KM of transport projects in the following ways:

� Enable KM through administering the transport infrastructure sector;
� Be a knowledge provider;
� Promote sustainability considerations through regulations and legislation;
� Be the most influential stakeholder and the most important driver of sustainability

applications (as the client of the infrastructure projects).

The above analyses provide important clues as to how to formulate strategies on managing
knowledge in the transport industry sector. Accordingly, a preliminary conceptual KM framework is
proposed and shown in Figure 4.

The conceptual KM framework is organised by input, processes, and outcomes. With a focus
on KM processes, it highlights the “what-to-do” aspects of an integrated knowledge management
approach. Combining findings of this study and previously developed KM theories, a new KM
process is proposed with recommendations on five key aspects of managing Sustainable Knowledge
(SK): identify, obtain, share, apply and maintain. The framework recommends the use of specific
KM strategies to facilitate KM activities such as communication of knowledgeable practitioners,
recordkeeping, use and transfer of good industry practices, and stakeholder integration.

Future research will focus on “how-to-do-it” aspects according to the framework, for its potential
application in construction organisations and actual infrastructure projects. The next stage of work
will focus on the establishment of recommendations and action guidance for transport infrastructure
practitioners. To reach this goal, interviews and case studies are considered the most appropriate
mechanism. They are being carried out to elicit information.
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Figure 4. A conceptual KM framework.

5. Conclusions

The transport infrastructure sector is characterised by its highly project-oriented nature,
a relatively conservative culture, long and arduous development processes, enormous financial
undertakings, and significant potential impact on the natural environment. Therefore, it is imperative
for infrastructure development to respond to the sustainability challenge. While few would argue
against such principles, the perspectives, priorities and indeed the actual approaches adopted by the
practitioners can largely vary, thus putting project end sustainability deliverables at risk.

Knowledge management (KM) has been proven as a useful tool to promote innovation and
change in many industry sectors including building construction. However, very limited studies
have been done on transport infrastructure sustainability from a KM perspective. No existing
KM framework provides a holistic approach to address sustainability issues in transport projects.
Through a comprehensive questionnaire survey, this research explored how sustainability knowledge
is currently considered in the Australian infrastructure sector and identified the main challenges for its
management. The holistic conceptual KM framework proposed here outlines the important aspects
and possible strategies of managing knowledge to promote sustainability.

Interviews with practitioners and case studies are now underway to explore appropriate KM
enablers, their inherent relationships and implementation strategies. This will lead to the specific
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procedures and guidelines of KM practice suited for this sector. By investigating the various forms
of sustainability knowledge, illustrating main knowledge activities and priority requirements, and
suggesting effective strategies for managing sustainability knowledge, research such as this contributes
to new dimensions of disciplinary knowledge and promotes infrastructure sustainability outcomes.

Within a relatively short timeframe, this research confines itself to the issues affecting the
management of sustainability knowledge at the macro level of transport infrastructure projects.
Future research should consider the unique characteristics of each type of transport project, as the
adopted approaches in highway projects may be different to those in bridge construction. Detailed
relationships between key issues may also be examined in future. For example, contrary to the notion
that innovation is critical for the success of sustainable development [36,37], this survey found that
interviewees, as transport infrastructure practitioners, see creating knowledge as the least important
but the second most challenging KM activity. There may be specific reasons behind this that warrant
further investigation.
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Abstract: We argue that a healthy urban forest contributes immensely to the sustainability of cities.
The argument is based on a comprehensive array of values elicited from Canadians in several cities.
To begin, we define the urban forest as inclusive of all the trees in the city and thus representing the
predominant contributor to a city’s green infrastructure. Then we enumerate and explain the broad
diversity of ways in which urban people value trees in the city. We, thus, show the myriad pathways
by which trees contribute positively to any city’s social, economic, and ecological sustainability.
Following a short summary of the ways in which trees may detract from people’s quality of life,
we present promising management directions for urban-forest improvement, as we understand the
situation in Canada. We conclude that all cities can enhance their sustainability by improving the
urban forest.

Keywords: sustainability; tree; urban forest; forest values

1. Introduction

The world is decidedly urban today, given that more than half of all humans live in cities [1].
The proportion is much higher in countries like Canada, where it is well over 80% [2]. The global trend
toward urban living will continue for some decades. Clearly, the sustainability of human civilization
depends to a great degree on determining sustainable pathways for city living and urban development.

Propositions for how to make urban living more sustainable are numerous and diverse and
address a wide range of themes (Table 1). Such themes are, of course, not independent of each other;
indeed, they are often deeply intertwined. In this paper, we argue that one particular type of plant,
implicit in the “greenspace and biodiversity” theme in Table 1, has the potential to make immense
contributions to city sustainability, not only in their own right but also as strong influences on most of
the other themes. Those plants are trees, and together they define the urban forest.

Sustainability 2015, 7, 7379–7396; doi:10.3390/su7067379 www.mdpi.com/journal/sustainability91



Sustainability 2015, 7, 7379–7396

Table 1. A selection of themes in the discourse of urban sustainability.

Theme Reference(s)

Community/Social Cohesion [3,4]
Education [5]

Employment [6]
Energy [7,8]

Food Security [9,10]
Greenspace and Biodiversity [11,12]

Human Health [13,14]
Justice and Human Rights [15–18]

Transportation [19–21]
Urban Form and Design [22,23]
Water and Air Quality [24–26]

Our objective is to demonstrate, through the lens of values, the potency and promise of trees and
their associated organisms to enhance sustainability in any urban setting. As Table 1 shows, urban
sustainability consists of a broad range of elements. Without doubt, all these elements need to be
carefully and diligently addressed in the pursuit of city sustainability. In the context of Canadian cities,
our position on the centrality of trees is this: because people value trees so strongly and for such a
wide range of benefits and services, and because both urban residents [27] and professionals [28] agree
that more trees are highly desirable in the city, trees therefore represent a superlative opportunity for
advancing urban sustainability.

By focusing on trees in this article, we do not imply that other plants are irrelevant. Indeed,
shrubs and non-woody annual and perennial plants, even manicured grass, can be considered vital
components of a city’s green infrastructure. Some of the values we describe later in the paper can well
be satisfied by these other types of plants, especially when they exist in association with trees. Trees
are special and unique in the plant community for many reasons (see below), perhaps most profoundly
because they predominate in contributing to the vertical dimension of the plant community on account
of their height.

We begin with a contextual and conceptual discussion on sustainability and urban forests so as to
lay a foundation under our claims of trees’ contributions to sustainability. The main part of the paper
highlights the diverse suite of values people ascribe to trees in the city (these are sometimes also called
urban-forest benefits or services). To be fair to a comprehensive treatment of how trees and people in
the city interact, we identify several ways in which trees can be detrimental to urban dwellers. Finally,
we explain the main avenues for improving urban forests, particularly in the Canadian setting in
which we, as urban-forest scholars, have most of our personal and professional experiences. The paper
draws heavily on our research on these topics across Canada, as well as our ongoing work in support
of planning and implementation of new directions for the urban forest in Halifax, Canada [29].

2. Concepts of Sustainability in Relation to Cities

As the places where most people on the planet live and work, cities have become central to
both global socioeconomic development and environmental sustainability [30]. The concepts of
development and sustainability are intertwined; entities such as the Organisation for Economic
Co-operation and Development and the World Bank are now promoting urban sustainability for its
value in attracting investment [31]. With virtually all worldwide population growth until 2050 expected
to take place in urban areas, strategies for managing resource use and environmental degradation have
become essential [32].

A city is, by itself, unsustainable. While calling them “parasites on the biosphere” may be
extreme [33] (p. 290, as cited in [32]), it is true that cities depend on vast hinterlands for both
essential resources and waste disposal [34]. Thus, rather than in absolute terms, urban sustainability is
commonly conceptualized as a city’s ability to maximize relative socioeconomic and environmental
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benefits while minimizing harm [35]. Within these broad categories, considerations of urban
sustainability include inter- and intra-generational equity, protection of the natural environment,
minimization of natural resource use, and community and individual well-being [36]. Considerable
ambiguity remains in the definition of urban sustainability, but ambiguity is arguably desirable,
because it allows communities to adopt individual understandings of sustainability that incorporate
local values, circumstances, and environmental considerations [32].

Because cities concentrate people and wealth, they play a crucial role in global efforts to
address climate change, but they also concentrate societal and infrastructural vulnerability to
natural disasters [37]. However, while city living in developed countries generally remains more
environmentally friendly than the alternatives [38], the reverse may hold in developing countries,
although that is slowly changing [1]. Many cities, particularly in middle-income countries, have
begun to lead by example, promoting compact urban forms, encouraging non-motorized modes of
transportation, and (re)introducing efficiency concepts, such as passive solar design [39]. For true
urban sustainability, cities must implement a wide range of interventions, from high-level policy to
new technological solutions, to adjustments in building materials and streetscape [32].

The last two decades have also witnessed increasing focus on urban sustainability reporting, from
Maclaren [36] identifying a dearth of clear reporting methods to the recent compilation of many new
urban sustainability indicator methods [35]. Many urban sustainability indicator frameworks now
explicitly address the urban forest canopy, including ISO standard #37120, “Sustainable Development
of Communities” [40]. It is clear that urban sustainability is a complex phenomenon requiring concerted
attention to a host of economic, social, and environmental issues.

3. Conceptions of Urban Forests

In dialogues and policy forums across the globe, from sub-national to global levels, there is
a wide range of definitions and conceptions of forest and tree. A forest is usually conceived as a
tree-dominated ecosystem. A key question, though, is what “dominated” means. When are the trees
of insufficient size or density such that the ecosystem in question, rural or urban, is not considered a
forest? In the urban setting, there are abundant sites and locations where the land cover is dominated
by built infrastructure. Sometimes there are vast expanses of mowed grass with a few scattered trees.
A conception of urban forest needs to account for such situations.

Defining a tree is somewhat less arbitrary, but there are still difficulties. One is the distinction
between a shrub and a tree, both of which are woody plants but, at maturity, small ones are defined as
shrubs whereas large ones are trees. For some species, the size threshold is arbitrary. For this paper,
a tree is a living stem of a species determined by local, regional, or national authorities to be a tree
species. Even minuscule seedlings of tree species are still trees.

Given the above, what is an urban forest? We find the most helpful conception to be an inclusion
of all trees in the town or city [41]. In our own setting of the city of Halifax, the municipal government
has jurisdiction over an area greater than a half-million hectares. The municipality has some 400 km of
Atlantic coastline, and is largely wooded beyond the urban core. The Urban Forest Master Plan [29]
applies only to what is called the urban core, which was defined as the territory in which all homes are
serviced with municipal sewers and water.

Thus, once the urban boundary has been defined, the urban forest is defined as all trees within
that boundary. The circumstances under which any urban tree might find itself are varied indeed. The
definition is blind to land ownership. Whether trees are on private land (i.e., homes and businesses) or
government land (i.e., municipal, provincial, national), they are all part of the urban forest. Whether a
tree is standing alone in a grassy park or a tree pit on a busy commercial street, in a row of trees along
a residential street, grouped in a back yard, or in a dense stand in an urban wooded park, it is part of
the urban forest. The discussion below on values associated with urban trees makes it clear that each
and every tree in the city has the potential to make a significant contribution to sustainability of the
urban environment. Each and every tree is a contributor to the city’s green infrastructure.
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4. How Trees Contribute to Sustainability of Cities

The premise of this paper is that trees make strong contributions to desirable ecological, social,
and economic conditions in any city, which can be interpreted as enhancing the city’s sustainability.
While the literature is replete with accounts of forest benefits, services, and values, the treatments
of these in individual accounts is either broad and shallow—as in bare lists—or narrow and deep,
as when one forest value, e.g., carbon sequestration, is examined at length. Our presentation below
aims at a compromise between the two—our list is long, and we have presented a short explanation
for each item presented.

We prefer the term “value” in our research because it helps citizens give considered responses to
questions about what they deem to be important about trees in the city (see [42] for further justification).
Our research group has recently engaged in studies of urban-forest values in selected Canadian cities
(e.g., [43,44]), and has produced materials promoting trees in cities through enumeration of diverse
forest values [45]. We draw upon this work in the following summary account of more than twenty
ways in which trees contribute to urban sustainability. The list could be much longer–we regard the
following ones as the leading forest values.

We acknowledge potential shortcomings of such a list. For example, some values (e.g., shade)
are pre-requisites for or important influences on other values (e.g., extension of road-surface life, and
enhancement of human heath). A reader may judge some of the values as substantially more important
than others. The list is not logically established based on deductive reasoning–it arises from empirical
research based mainly on what urban citizens say in answer to the importance question. Perhaps
the values could be clustered into meaningful classes such as economic, social, and ecological values
(e.g., [46]). All that said, we stand by the list as a broad suite of values identified, using the very words
found below, in our survey, interview, and focus-group elicitations involving hundreds of people
across Canada [27,43,44].

A Suite of Urban-Forest Values

Trees enhance the aesthetic beauty of the city. The idea that trees are pretty may be self-evident to
any urban dweller as visions of green usually inspire calm and pleasant feelings. Indeed, city trees
provide a wide set of visual pleasures, from the different colours of the leaves to the size and texture of
tree trunks [47]. Trees also have sounds, such as when leaves rustle in the wind or a carpeted floor of
fallen leaves is walked upon. Trees give people joy through the senses.

Trees provide shade. Shade is at the root of so many of the social, economic, and environmental
benefits provided by trees in the city. It is a vital service in promoting people’s health, as shade trees
block harmful ultraviolet radiation [48]. Shade trees, especially ones that are strategically situated
where people congregate outdoors like in parks and on sidewalks, can help to mitigate the risk of skin
cancer. Children are especially vulnerable to skin cancer, and thus trees in playgrounds and school
yards have the potential of significantly reducing their exposure and risk of skin cancer. Through
shade, trees sustain human health.

Trees help conserve fuel by reducing emissions from parked vehicles. Outdoor parking lots can be
considered miniature urban heat islands with extensive impervious surfaces and low albedo. Vehicles
parked in sunlight heat up and emit hydrocarbons into the air from the fuel in their tanks. Well-placed
trees can reduce the amount of fuel that evaporates into the atmosphere from vehicles [49]. Thus, trees
conserve fuel while concurrently helping to sustain the urban atmosphere.

Trees cool the city environment. Due to their built infrastructure, cities frequently experience
higher temperatures than the surrounding countryside—this is the urban heat-island effect [50].
Trees reduce ambient air temperatures by altering wind speeds, shading surfaces, and blocking solar
radiation [51,52]. Trees also transpire water vapour into the air and, thus, cool it [53,54]. Consequently,
the more trees there are in the city, the greater the cooling effect will be. This is especially relevant
given expected climatic change and the associated warmer temperatures.
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Trees clean the air. Air pollution is an issue for most cities, and urban trees help improve air
quality. Gaseous pollutants like ground-level ozone, sulphur dioxide, nitrogen dioxide, and carbon
monoxide are removed from the atmosphere by trees by absorbing them through their leaves [55].
Particulate matter is also removed from the air and stored temporarily on the plant surfaces until it
washes off in the rain [56]. Overall air quality is better with more trees in the city.

Trees foster health and healing. Trees help purify the air and reduce rates of asthma and other
respiratory illnesses in urban populations [57,58]. When we fall ill, or are convalescing from illness,
trees can play a pivotal role in healing. Landmark research by Ulrich [59] showed that surgery patients
recovered faster and better when the view through their hospital bedroom window was dominated by
trees rather than another building. Research in Japan has shown clear health benefits from exposure to
forest landscapes [60].

Trees enhance community safety. Security and safety are serious concerns in a city. Among the
psychological causes of insecurity and feelings of danger, we find mental fatigue and elevated levels of
stress. Although earlier research suggested that dense and naturally vegetated areas were perceived as
insecure and threatening (e.g., [61]), these perceptions have been changing through the years with our
understanding of how mental fatigue and stress are mitigated by green space and its most dominant
feature–trees. More recent research shows that residents living in greener surroundings report lower
levels of fear, fewer incivilities, and less aggressive and violent behaviour [62].

Trees increase property values. Trees in the city are a major component of a neighbourhood’s
aesthetic appeal and benefit homeowners by adding monetary value to properties. For Portland,
Oregon, Donovan and Butry [63] found that a large tree on a residential property can add some
$9000 to the sale price of a house. Land owners are also helping others by having trees on their
residential properties, because adjacent homes and even entire neighbourhoods benefit from the
increased property value. This is an important message to communicate to homeowners, since there is
frequently more available space to plant trees on private residential properties than next to publicly
owned streets.

Trees reduce energy costs. In some places, roughly 5%–10% of urban electricity demand is spent
on cooling/heating buildings. Trees around buildings and houses can act as heat insulators and heat
absorbers, shielding buildings from a high-temperature environment through shade, or keeping
buildings from losing their heat in winter by increasing the humidity of the surrounding area
and slowing down wind [64]. Simulations in Canadian cities have shown that an increase in a
neighbourhood’s tree cover by about three trees per house reduces the heating energy of that house by
up to 10% and the cooling energy by up to 40% [65]. The annual savings in heating and cooling costs
can reach the hundreds of dollars every year depending on house size.

Trees prolong the life of infrastructure. Trees help reduce the amount of maintenance and repair
required for city streets, thus reducing costs against the city budget. The asphalt used to pave streets is
made up of aggregate held together by asphalt cement. The asphalt cement is a petroleum product,
which breaks down and evaporates in the sunlight, causing streets to crack and eventually crumble
into potholes, which need to be repaired, or the whole street repaved, at great cost. McPherson and
Muchnik [66] found that just a 20% shading of streets in Modesto, California, could save 60% of
resurfacing costs over a 30-year period. This service provided by trees is a huge incentive for engineers
and indeed all municipal managers to increase tree canopy over asphalt surfaces.

Trees capture and store carbon. Atmospheric carbon dioxide is one of the main drivers of climate
change [67]. Its concentration in the air is rising largely because of the burning of fossil fuels like coal,
oil, and gas [67]. Anything we can do to slow down emissions of carbon dioxide and increase the
rate of its removal from the air will be good for the future of cities [68]. Trees capture carbon dioxide
from the air and store the carbon in their trunks, roots, and branches. As long as a tree is healthy and
growing, it stores increasing amounts of carbon. The more trees we have in the city, and the larger and
longer they grow, the more carbon dioxide will be taken out of the atmosphere [69].
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Trees slow down stormwater flow and consequently improve water quality. Urban land is
covered mainly by roads, sidewalks, rooftops, and parking lots. Most of these surfaces are impervious
and prevent rainwater from being absorbed directly into the ground. Consequently, stormwater
and wastewater systems, as well as natural water bodies, are strained during heavy rains as runoff
flows into them off impervious surfaces. Excessive runoff can lead to flooding, sewage spillover,
and aquatic pollution. This is especially the case in cities like Halifax, where the older parts of the
city have combined storm and sanitary sewers. City trees intercept some amounts of rainfall and
retain it in their foliage for a period of time [70]. Trees, thus, provide a critical economic service in
stormwater management.

Trees provide employment opportunities. As they grow up into overhead wires, shed their
leaves, grow new branches in undesirable directions, drop dead branches, or die, trees are cared for
by municipal workers as well as private landscape contractors and other specialized tree caretakers.
Salaries make up large proportions of the budget of tree-care organizations. The more trees there are
in a city, the greater the amount of economic activity associated with their maintenance [71]. Trees
represent smart societal investments because they demand expenditures on caring for vital urban
green infrastructure.

Trees support business activity. The services provided by trees provide tangible financial benefits
to business owners. Research has shown that consumers perceive business districts with trees as better
places to shop [72]. Moreover, consumers say they are willing to pay higher prices, travel further
and longer, and shop longer and more frequently in areas with green streetscapes [73]. This not only
benefits business owners, but also provides incentive for them to become more actively involved in
the stewardship of urban trees.

Trees enhance recreational opportunities. City residents frequently visit treed areas for recreation.
Recreation in these areas can be passive or active, ranging from gentle activities such as cultural events,
walking, picnics, or tree climbing, to active sports such as running or biking [74,75]. The many types
of urban forest formats, ranging from treed streets to dense and naturalized forest remnants, serve
diverse recreational uses [76].

Trees enhance tourism. Among the few studies linking urban forests and tourism, Majumdar
et al. [77] concluded that for Savannah, Georgia, the better the urban forest, the more attractive the
city is for tourists. This seems a reasonable conclusion considering that most city residents would
like more trees and better urban-forest management in their own cities [27]. All other things being
equal, it seems fair to say that tourists would prefer to visit a well-wooded city as opposed to one with
few trees.

Trees provide diverse foods. Trees have been a source of food for people throughout the ages.
Urban settings are highly suitable for growing the full range of fruit and nut trees [78]. Additionally,
there may be opportunities to pick edible berries and mushrooms that grow on the forest floor of treed
parks and other naturalized areas. Thus, trees can contribute, even if in a small way, to food security in
the city.

Trees conserve biodiversity. Biodiversity, in the simplest terms, refers to the full diversity of
life on earth and includes the diversity of gene pools, species, communities and ecosystems. Trees
themselves represent important elements of biodiversity, but they also serve as host and habitat for a
wide range of other organisms. The ability of trees to contribute to urban biodiversity increases as one
moves from single isolated trees to lines of trees along streets and lanes, and further to stands of trees
in parks and other areas [79]. Urban forests can contribute immensely to biodiversity conservation
through inclusion of the full range of native tree species in their full spectrum of ages and community
associations [80].

Trees promote learning opportunities. Trees provide habitat for many kinds of wild organisms,
including fungi, insects, lichens, birds, mammals, and other vascular plants. An excellent focus to start
learning about terrestrial nature in the city is the trees. Indeed, there is no better place to learn about
nature than to be in it [81]. Getting away from the city and out into natural forests can be costly and
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may even be impossible for some people. The alternative is to study nature in the city. Trees in the city
can provide excellent opportunities to learn about the kinds of species and natural ecosystems there
are in the countryside and the wilderness. Research has also shown that urban trees can enhance the
learning capacity of learners [82].

Trees impart a sense of place. Feeling a sense of belonging in the city is important to its citizens.
The vegetation of a locale can contribute strongly to this sense of place. The presence of trees transforms
barren areas into pleasant, welcoming spaces that infuse the city environment with a positive sense of
self [83]. It has been shown that well-kept treed neighbourhoods serve to strengthen the ties among
residents, generating a sense of place and stewardship among neighbours [84]. This in turn generates
important civic values such as a greater sense of safety and adjustment, more use of neighbourhood
common spaces, and fewer incivilities [85].

Trees contribute to a sense of well-being. The main argument is that the more that people can
experience nature, the better they feel, emotionally, mentally, and physically [11,86,87]. The lack of
nature in cities means that many people cannot benefit from it as directly as they might. In many
cities around the world, trees dominate the natural ecosystems. If we are to bring nature to the people
in an urban environment, that means more trees, not just in total but also more trees in naturalized
conditions (see [88]). A healthy urban forest contributes to a healthy and happy people.

To sum up, we conclude that trees boast an extensive and diverse array of values to cities.
We suggest that they are the greatest contributors to urban sustainability of all forms of plants.
In absolute terms, the contributions of trees to urban sustainability are substantial. The more trees
there are in the city, the better the city can serve as a good place to live.

5. Can Trees Detract from Urban Sustainability?

Unfortunately, trees can be detrimental to urban dwellers in several ways. We believe that the
benefits of trees outweigh the costs, but these potential inconveniences or risks should be taken into
consideration when planning a sustainable city. Some costs may be unavoidable; some stem from the
location of the tree in relation to infrastructure, others from tree species selection. Yet other costs relate
to how well or how badly the built infrastructure accommodates trees.

Trees can damage infrastructure. Roots may crack sidewalks, and branches or whole trees can
fall and cause damage during extreme weather events such as windstorms [89,90]. Roots are also
know to invade underground drainage pipes [91], although this normally happens in the context of
leaky pipes. Trees may require frequent maintenance to ensure they do not damage infrastructure,
such as pruning programs to keep tree branches out of overhead wires [92]. Moreover, natural or
disturbance-related mortality and the presence of standing deadwood both present a similar hazard or
significant costs for removal, as is the case currently with widespread ash (Fraxinus spp.) mortality
caused by the emerald ash borer (Agrilus planipennis) [93]. Similarly, trees can create unwanted debris,
such as sap and leaves [93]. Lastly, infrastructure and people may be put at risk by the increase in
wildfire potential that comes with an increase in urban trees [29].

Humans can have allergic reactions to the pollen produced by trees and plants in the urban
forest [94,95]. Treed areas can create feelings of unease due to real or perceived danger [96]. Urban
residents occasionally identify heightened feelings of unease and fear of crime in some treed urban
areas due to the potential of concealed individuals or activities [85,97,98]. Trees provide habitat for
other species, but not all these species may be desirable. Urban wildlife can annoy or threaten pets and
humans, or damage plants and structures (e.g., birds and fruit trees) [99]. For example, in Helsinki,
Finland, the excrement on sidewalks from aphids in linden trees produced a vomit-like odour during
warm spells [100].

Tree shade may be valued by some but be seen as an inconvenience by others. Trees located over
flower or food gardens can provide undesirable shade that limits the growth of more-desired plants,
such as vegetables [101]. They may also hinder the growth of garden plants in the understory when
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their needles and leaves decompose. Thus, the location of a tree in its ecological and social contexts
influences whether the tree’s services are of value.

Similarly, tree shade that lowers summer cooling costs could increase winter heating costs [102].
Trees might be positioned in a way that limits winter sunlight, turning shade into a disservice [103].
While we generally think of street trees as cooling agents, they also have the potential locally to increase
air temperatures. For example, a canopy of immature trees can block airflow but still allow solar
radiation to strike and heat the ground [51].

The touted improvements in quality of life that trees bring can result in increased financial costs
to nearby residents. The increase in property values from trees may result in an increased property tax
for the owner. Dwyer et al. [104] conservatively estimated that, in the United States, $1.5 billion/year in
property taxes might be attributed to the value trees add to property. As trees increase the value of the
spaces and buildings around them, the increased values benefit owners wishing to sell but represent
higher real-estate costs for would-be buyers.

Trees and parks are differentially distributed in cities. Ethnic/racial minorities and low-income
residents have lower access to green space [105,106]. While city planning that incorporates tree
planting and park development in lower-income areas aims to rectify this social injustice, it also
increases the desirability of these areas and can contribute to their gentrification, pushing out the
original residents [107].

More trees means more maintenance. The equipment used for tree maintenance is usually
powered by fossil fuels, so engine emissions need to be factored against trees’ carbon-storage
capabilities [102]. These costs might start to outweigh the benefits of trees if urban vegetation is
short-lived or stressed, and requires constant attention or removal and replacement [108]. Lastly, some
trees may not always be the optimal choice for a sustainable city. The water demands of many tree
species may make them unsuitable for cities in arid and semi-arid climates [109].

Despite the above drawbacks of trees in the city, we reiterate our own views about the net
benefits of trees, as well as what we perceive to be the trend in Canada based on our research [27,28]:
the benefits of trees in the city far outweigh the drawbacks, and hence both professionals and citizens
favour increases in urban tree canopy. When urban forests are managed well, as outlined below, the net
benefits can be significantly increased.

6. Enhancing Urban Forests for City Sustainability

Shaping the urban forest so it delivers on citizens’ value expectations requires active and careful
intervention—there is no passage without fare. Investment is needed to improve the supply of
urban-forest services while also mitigating potential disservices. The majority of trees in the city
require substantial management actions to maintain function and ensure tree establishment and
survival. Cities represent rather different conditions from those under which tree species have evolved.
An abundance of stressors and disturbances afflict city trees (e.g., poor soils, pollution, invasive species,
vandalism, poor management), resulting in urban forests suffering relatively high rates of tree decline
and mortality [110]. Ensuring that city dwellers live well among trees, and the challenges associated
with doing so, has therefore spawned a wide array of policies and practises for maintaining and
enhancing urban forests.

Urban forestry in North America, as a practice and profession that separated from traditional
forestry in the 1960s, represents an amalgamation of forestry with horticulture, arboriculture, and
landscape architecture [111]. Arguably, broad establishment and acceptance of urban forestry was
cemented by the Dutch elm disease (Ophiostoma novo-ulmi), which ravaged the extensively planted elm
(Ulmus spp.) populations of North American cities and first exposed the public to the consequences of
widespread urban canopy loss [112]. While urban forest management in many ways remains reactive
and practice-oriented, being driven by immediate disturbance and threats like the Dutch elm disease,
more advanced and progressive models of urban forest governance are emerging [113]. Urban forest
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management today continues to grow beyond operational necessities like tree planting, maintenance,
and removal.

Across Canada, the urban forest is increasingly becoming an item on municipal planning agendas
and many cities are creating policies and strategic plans that address their urban forest [28,114].
The design and implementation of tree protection regulations for public and private properties are
becoming commonplace in larger cities [115]. Many of these regulations focus on the formal planning
process, since development practices and land-use change are among the largest contributors to urban
tree mortality and canopy loss [116]. Trees also continue to garner attention in the urban design process
as vital pieces of green infrastructure, where the realities of growing trees that survive to maturity is
no longer an afterthought in landscape architecture and engineering [117]. Experiments are underway
to explore how to grow trees on buildings—examples include the famous Hundertwasserhaus in
Vienna and the Bosco Verticale (Vertical Forest) in Milan. The use of underground structural soil cells
in high-density streetscapes is a prime example of designing cities for trees rather than adapting trees
to cities [118].

Another growing trend in urban forest enhancement is incentive-based programs that offer
financial or non-financial motivation for residents, businesses, and organizations to take part in urban
forest stewardship activities (e.g., free-tree programs) with the long-term goal of changing citizen
behaviours and fostering stewardship [119,120]. Lastly, many cities are adopting comprehensive and
strategic urban forest management plans [28]. These plans generally consist of guidelines for tree
planting and species selection, tree maintenance (e.g., pruning-cycle establishment), pest management,
conservation goals, and performance standards [121]. Management plans are an important step for
communities to acknowledge urban forests as a public good and a key stage of policy development for
ensuring explicit and consistent goals for long-term sustainable urban forest management [122].

The complexity and heterogeneity of the urban forest and the growing importance of cities have
demanded a more enlightened and interdisciplinary approach to understanding and managing them.
This requires not only maintenance operations and municipal policies, but also ongoing research from
the social, natural, and applied sciences, as well as partnerships involving governments, industry,
academia, and communities [123]. In fact, today it is argued that urban forest management and
governance have become particularly innovative as they often involve partnerships with a variety
of non-government stakeholders, such as environmental non-governmental organizations, citizen
associations, landowners, and industry [113]. Indeed, these partnerships are arguably necessary given
the complex and fragmented ownership regimes of cities and their urban forests. Ultimately, it is the
partnership between humans and trees that contributes to the overall sustainability of the modern city.

7. Conclusions

Municipal managers across Canada seek to increase the proportion of the urban landscape
dominated by trees. This objective rests firmly on the understanding that trees are, on balance,
extremely good for people and the city environment. We have shown above that trees offer a relatively
much stronger and broader array of benefits to people compared to their negative aspects, suggesting
that they are strong net contributors to urban sustainability. Careful and sensitive management of a
city’s tree population, with an eye to reducing tree disservices and increasing tree services, as well as
catering to people’s tree-related values, can substantially enhance those contributions.

Urban sustainability is a journey of improving city conditions economically, socially, and
environmentally. It aims to improve the human condition in respect of people’s health and welfare.
City development is most often dominated by construction and maintenance of grey infrastructure,
mostly buildings and transportation networks. Without question, such infrastructure is needed for a
city to function. However, at one end of the spectrum, grey infrastructure can be developed with no
regard to the quantity and quality of green infrastructure, i.e., trees and other plants. At the other end,
it can be designed and installed to cater well to, and even celebrate, the green infrastructure. Sustainable
urban development will proceed well when cities are reconceived from concentrations of concrete,
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steel, and asphalt sprinkled about with a few amenity trees, to a natural or semi-natural landscape into
which concrete, steel, and asphalt are judiciously introduced. Where the former predominates, urban
redevelopment is warranted with emphasis on renewal and expansion of green infrastructure. If the
latter exists anywhere in the world, it is to be emulated and repeated. Trees are indeed indispensable
for city sustainability.
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Abstract: Visioning exercises were convened in Melbourne and Sydney, Australia, to explore how
these cities could become low-carbon and maintain resilience over the next 25 years. Drawing
on the concept of frames—in particular Schon and Rein’s conceptualisation of a frame as a
“diagnostic-prescriptive story” that is based on an underlying structure of beliefs, perceptions
and appreciation—this paper seeks to: Attend to the ways that workshop participants framed the
problems (of emissions reduction and maintaining resilience); surface framing processes and potential
related sources of political contention; and discuss the role of visioning exercises in sustainability
transitions. Five frames are identified, along with the interpretive orientations underpinning each
frame, framing processes and the potential for frame conflict and alignment. The study suggests
that the designers and facilitators of visioning exercises need to be attentive to framing processes,
potential framing contests, and related social processes during a visioning exercise. Key implications
are identified, with a focus on whether an exercise seeks to “open up” a complex issue or to agree
upon a singular, i.e., consensual, agenda.

Keywords: frames; framing processes; low carbon cities; visioning; urban resilience

1. Introduction

Over the past decade or so, anticipatory knowledge and visions of the future have been the focus
of increasing social scientific research. For example, scholars have considered these in the context of
the state such as their use to generate support for policy initiatives, in science and technology policy,
and in relation to socio-technical change processes (e.g., [1–4]). In particular researchers in the field
of Science and Technology Studies (STS) have paid increasing attention to how knowledge claims
about the future are produced and mobilised for a range of purposes (e.g., [5,6]). This research has
revealed the diverse roles played by expectations such as the role of technological expectations and
expectations about market potential in investment decisions, and the role of normative expectations in
coalition-formation. It has also demonstrated that how such knowledge is made and used matters.

Participatory “foresight” exercises are one such activity where future expectations are elicited and,
to some extent, shaped through discussion and analysis [7]. This paper reports on forward-looking
workshops that were run as part of an Australian project called Visions and Pathways 2040 (hereafter,
VP2040). Through research and engagement activities the VP2040 project is examining visions,
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scenarios, and pathways for low-carbon resilient futures in Australian cities. The VP2040 project
is one of an increasing number which view cities as a significant intervention point for climate change
action and views the social challenge of rapidly reducing emissions and generating resilience in
urban contexts as primarily a system innovation challenge. The project is funded by the Cooperative
Research Centre (CRC) for Low Carbon Living, a multi-university and cross-sectoral research initiative
established in 2012 to advance low-carbon innovation and urban transitions.

The first phase of the VP2040 project sought to elicit existing actors’ expectations about the future
focussed on what a desirable, low-carbon, resilient future for major Australian cities could look like.
This was primarily accomplished through engagement exercises (which are outlined in more detail in
below), in which participants shared ideas and were encouraged to imagine “business-as-unusual”
futures. Designers and architects were also engaged to help with visualising these concepts. This paper
describes, and presents an analysis of, the key outputs of this phase and other data gathered via a
pre-workshop survey. The primary aims of this paper are to: (1) describe the different perspectives on
a desirable, low-carbon, resilient future that were articulated (primarily focussed on major Australian
cities); (2) identify the related problem framings and understandings that shaped these perspectives;
(3) assess whether, and in what ways, framing processes may have influenced these exercises; and
(4) consider the implications of these diverse framings and framing processes, such as regarding the
potential for frame conflict or supportive alignments. Drawing on this analysis, we also discuss the
role of visioning-style exercises and framing processes in sustainability transitions.

A related central argument is developed. We argue that the results of the study show that in
participatory visioning exercises diverse institutionally-related and culturally-grounded framings
of the complex social issues are voiced which are informed and shaped by contextual assumptions
and already circulating understandings (e.g., about urban planning and city futures). These framings
influence consideration of alternative solutions. Proponents of alternative framings often compete
to influence the resulting visions through a complex social process that can be termed “framing
contests” [8]. Surprisingly, this is also true for the relatively homogenous groups which participated
in these workshops. From a practitioner perspective the paper concludes that the organisers and
facilitators of visioning exercises need to be more attentive to framing contests and related social
processes, along with whether the exercise seeks to open up debate or to achieve closure on a
consensual agenda.

Introduction to the Visioning Exercises

In the first half of 2014, visioning exercises were held in Melbourne and Sydney, the two largest
cities in Australia. A diverse mix of participants from government, business, academic, and the broader
community attended—103 in total (see Table 1 below), 66 in Melbourne, 37 in Sydney—who shared
a concern about climate change and related sustainability issues and interest in the future of cities.
The attendees were the result of an invitation process based on an active search for relevant experts
(e.g., web research, review of conference presenters to identify suitable experts) and the existing
professional networks of project staff. One consequence of this approach is that most participants
also had a strong knowledge of, and/or relevant interest in, the built environment along with related
areas of public policy and innovation. Other consequences of this approach are possible, such as via
sampling effects, and these are considered in the analysis and discussion sections.
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Table 1. Breakdown of sectoral representation in the workshops.

Sector Number of Participants

Business sector (built environment sector: e.g., urban design firm,
engineering/construction; renewable energy/clean energy, etc.) 27

Research (university-based researcher; and non-university based researcher) 22
Local Government 15
NGO (e.g., WWF Australia) 11
State Government 10
Peak bodies (e.g., the Green Building Council of Australia) 6
Media/creative arts 4
Utilities 3
Social enterprises 3
Financial bodies/institutions 2

Participants were asked to complete a pre-workshop survey (please refer to the Supplementary
Information for full details) that sought to both prompt some future-oriented thinking and help
the organisers to better understand participants’ expectations for, and interest in, the workshops.
A total of 43 participants from the Melbourne workshop completed the survey (response rate of 65%);
22 participants in the Sydney workshop completed the survey (59%).

A two-stage workshop process was then conducted and used the following procedure:

• An initial half-day workshop was conducted in which participants shared and discussed their
long-term visions for a low-carbon, highly resilient Melbourne or Sydney (depending on the
workshop) in the year 2040. In small groups they moved through five themed discussion
tables—shelter, energy, transport, food and water, and lifestyle and behavior—with the intention
of gradually enabling a more holistic view of urban life and related systems. This workshop was
also attended by designers who played central roles in the next two steps. The designers were
asked to treat the workshop dialogue and workshop outputs as a design brief;

• The designers were then tasked with developing rough visualisations of the future(s) that were
discussed in the initial workshop. These visualisations were termed glimpses as they are partial
snapshots of possible futures (not a blueprint or a complete vision); and

• A second focus group style workshop was then held in which the designers presented the rough
visualisations, followed by table-based small group dialogue on the glimpses. Participants
responded to the glimpses, such as commenting on their desirability and plausibility.

Participants were also instructed to consider two core normative targets. The future city had to
achieve a significant reduction in greenhouse gas emissions, specifically an 80% reduction by 2040 on
2014 levels (which is consistent with recommendations made by the Climate Change Authority, the
relevant statutory authority in Australia). Secondly, the imagined future city must also be one that is
resilient such as with respect to the future challenges of climate change (e.g., adjusting to new climate
patterns) and having the ability to cope with related environmental shocks.

The analysis presented in Section 4 reports on the pre-workshop survey which was completed by
the majority of participants, visioning workshop dialogue and associated process outputs.

2. Conceptual Framework and Theoretical Background

Concepts like low carbon living and urban resilience, and successful forms of adaptation to
climate change, have different meanings for different people. Moreover, in important ways these
meanings and associated judgements (e.g., regarding the question of climate adaptation “success”
or “failure”) are historically contingent and context-specific [9]. Whilst aspects can be determined or
measured in a traditional scientific manner, many aspects are subjective and/or normative.

As Snow et al. [10] outline, the concept of a frame refers to the schemata of interpretation that are
used when individuals perceive, identify, and label events (or “occurrences”) in their life and in the
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world at large. This conceptualisation draws on Erving Goffman’s original theorisation of frames (e.g.,
see his book Frame Analysis). Benford and Snow [11] further define a frame as “constituting a broader,
interpretive answer or definition to ‘what is going on’ or ‘should be going on’”, emphasising the
interpretive dimensions. Related framing processes can produce collective action frames which are more
than an individual construct; they are shared action-oriented sets of beliefs and meanings, involving
the negotiation of share dmeanings. In all these ways frames and framing processes are about reality
construction and the production and maintenance of associated meanings [11].

In their influential book Frame Reflection Schon and Rein [12] make a broader related argument
about how actors engage with problematic complex situations such as the challenge of decarbonising
a city or an economy. They argue that actors must cognitively process situations that are ambiguous,
indeterminate, and/or vague in ways that make them more intelligible. Through a process termed
“naming and framing” they argue that actors construct selective stories: “From a problematic situation
that is vague, ambiguous and indeterminate, each story selects and names different features and
relations that become the “things” of the story—what the story is about. Each story places the features
it has selected within the frame of a particular context” [12]. Actors select out the features and relations
seen as relevant and important. According to this perspective, complex problem situations can be
framed in multiple, sometimes incompatible, ways and there is no “correct” description.

Schon and Rein further argue that frames have normative implications and execute a “normative
leap”. That is, frames should be understood as “diagnostic-prescriptive stories”. For example, this is
seen in the construction of policy frames and “generative metaphors that underlie them” [12].

Recently the concept of a frame has gained currency in many social sciences and it has especially
been used to help to underscore the culturally constructed dimensions of social action [11,13]. For
instance, social movement scholars argue that collective action frames are constructed and used by
movement actors, and others, to simplify and condense aspects of the social world in strategic ways.
An example is the way issues get defined in ways that are intended to mobilise adherents, garner
bystander support, and demonise antagonists. By resonating with varying groups and being open to
interpretation and modification, frames can help to enable collective action [13]. Framing processes
can also generate or draw on cultural understandings that offer actors motivating identities.

Some sustainability-focussed scholars also emphasise framing. In Dynamic Sustainabilities
Leach et al. [14] emphasise the framing processes which they argue shape the analysis of complex
systems and influence how complex sustainability problems are analysed and understood. For them,
framing refers to “the particular contextual assumptions, methods, forms of interpretation and values
that different groups bring to a problem, shaping how it is bounded and understood”. Such processes
involve selective perception (i.e., choices about what elements to pay attention to and emphasise), and
subjective value judgements, and are also shaped by the contexts in which people think and act; as
summarised in Table 2 below. Leach et al. [14] further argue that “framings are produced by particular
actors and co-constituted with their particular institutional, political and life settings”. Drawing on a
social constructivist epistemological perspective, they further argue that diverse understandings of
sustainability problems are inevitable and call for approaches that aim to enhance reflexivity.

Table 2. Key dimensions of framing [14].

Choice of Elements Subjective Judgements

• Scale
• Boundaries
• Key elements and relationships
• Dynamics in play
• Outputs

• Interests
• Values
• Goals
• Perspectives
• Notions of relevant experience

109



Sustainability 2015, 7, 8649–8683

A number of related arguments are made. Firstly, that greater attention needs to be given to the
multiple, diverse framing of complex sustainability issues in order to open up related debates and
policy-making processes. Secondly, framings—such as problem framings, or system framings—often
become part of larger cultural narratives that are constructed about a problem, its causes, and the
solutions that are seen as required to bring about a set of preferred/desired outcomes [14].

Finally, Vogel [15] has developed the related concept of anticipatory frames. For example,
Vogel [16] demonstrated the existence of competing framings of biotechnology in assessments of
biosecurity threats and related policies. In Vogel’s analysis, anticipatory frames have three main
elements: Core assumptions (e.g., made about the future); particular pieces of information that are
privileged or fixated on; and frames are related to practices (e.g., organisational practices). In the case
of frames about emerging technologies (e.g., biotechnology) a frame also incorporates actors’ beliefs
about technological trajectories, temporal and spatial orientations, and specific foci of attention [16].

In the analysis that follows here, a similar approach to Vogel’s analysis will be used to explicate
the frames of low-carbon, resilient cities that were expressed by workshop participants. In addition,
following Schon and Rein’s conceptualisation, we consider a frame to be a diagnostic-prescriptive
story which is based on underlying structures of beliefs, perceptions, and selective appreciation.

Framing Processes, Low-Carbon Transitions and Broader Sustainability Transitions

Some transition theorists such as Geels have considered the role of framing and related cultural
understandings and factors in transition processes. Geels has considered two different aspects. First,
building on Snow and Bedford’s work (which was cited earlier) he argues that framing strategies
are used by incumbent actors to try to avoid or forestall threatening changes [17]. As an example
of problem reframing, he argues incumbents in existing energy industries and regimes benefitted
from the redefining of energy policy problems to also include maintaining energy security and energy
affordability (i.e., not only reducing of greenhouse gas emissions). For example, “coal was increasingly
(re)positioned as an answer to energy security and affordability” [17]. Second, other forms of framing
include motivational and prognostic framing. Some historical cases of regime destabilisation and
major transitions indicate that cultural understandings and frames can play roles in achieving such
transitions. Drawing on the history of the British coal industry, Turnheim and Geels [18] argue that
“public support for purposive transitions depends not only on a perceived urgency of problems” but
also requires a broader “cultural package” which, in the case they examined, included “new visions
of modern, clean, convenient, smokeless households”. In other words, diagnostic and prognostic
framings can contribute to public support for policy change and associated transitions.

Additionally, it is important to note that, in the sustainability transitions field, transitions towards
sustainability are typically “framed from a systems perspective” [19]. That is, changes are seen as being
required and as unfolding at the broader system-level, such as for entire mobility systems or energy
systems. System changes are envisaged to occur through interconnected technological, organisational,
and social and institutional changes, often termed socio-technical transitions.

3. Materials and Methods

Three key sets of data were collected during the visioning process and reviewed for this study:
(1) pre-workshop survey responses (n = 65); (2) notes from the table-based dialogue that occurred
during the visioning workshops (the authors were also co-facilitators of these workshops); and
(3) the visualisations that we produced based on the dialogue at the workshops, which are referred to
below as glimpses. The visioning exercises (described in Section 1) and survey (see Supplementary
Information) provided opportunities for participants to articulate their views on preferred urban and
low-carbon futures, including views on their subjective preferences in relation to these futures and
their diagnosis of problems that need to be addressed in order to move towards such a preferred future.
Consequently, these statements provide rich sources of data that can be reviewed in order to consider
what frames were articulated and drawn on and related framing processes.
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Responses to the following three pre-workshop survey questions were focussed on:

• What have been the main forces and processes of change that have shaped [specific city] life over
the past 30 years? [Specific city = Melbourne or Sydney]

• Imagine you are living in [specific city] in 2040. It is now a global model city of a super-low-carbon
city that can bounce back from extreme weather events and other shocks. You receive a visit from
friends (via a time machine) from the year 2014. What are the first things you would want to show
these time tourists that would “prove” that an extraordinary 26 years have passed?

• What “disruptive” forces do you think will affect [specific city’s] pathway to a low carbon city over
the next 30 years?

Survey respondents were also asked to provide details on their profession and work
(e.g., the organisation they work for). This allowed for high-level consideration of the institutional
settings of those articulating frames, e.g., whether there were such patterns as predicted by
framing theory.

By review we mean that an informed assessment of the data was conducted which considered
relevant framing theory. For example, we asked: Did participants focus on different scales (e.g., focus
on local-level decarbonisation activities and localised resilience at the suburb/precinct scale or,
alternatively, adopt a multi-scale perspective on decarbonisation and resilience)? Did participants
tend to “bound” the problems in unique ways (e.g., primarily considering greenhouse gas emissions
produced within the city such as from transportation or, alternatively, adopting a broader problem
boundary such as also considering the greenhouse gas emissions that are embedded in the consumption
choices of city residents)? How did participants think such problems ought to be addressed—was
there wide agreement or distinct preferences/positions? This analysis progressed through three main
stages: (1) the survey responses were initially reviewed to identify statements and beliefs indicative
of potential frames and related elements (e.g., institutional settings); (2) the visualisations (workshop
outputs) were reviewed to further “capture” each frame and consider their consistency with each
frame (that is, was the prognostic aspect of the frames consistent with outputs?); (3) the uniqueness
of each identified frame was systematically considered as per frame theory and framing elements
discussed above. Following the visioning workshops the project team also critically discussed the
perspectives that were voiced at the workshop, considering the main areas of divergence/convergence
and any related conflicts. These team discussions provided a further way to review, clarify and assess
the frame analysis.

Informed by the literature review, six major dimensions were considered when defining and
comparing each frame, allowing for a more systematic analysis of each frame:

• Diagnostic framing: e.g., diagnosis of the focal problem(s); main aspects emphasised;
• Choice of elements: e.g., focal scale/spatial orientation (e.g., suburb, city-scale), boundaries, etc.;
• Assumptions: e.g., assumptions about technological options and trajectories;
• Primary actors;
• Subjective judgements: e.g., more or less important social/policy goals and outcomes; and
• Institutional settings (i.e., of those who articulated the frame).

Five different, and partially competing, frames were identified, and associated framing processes
(that influenced these frames) were examined. These frames and framing processes are described in
the next section, and are subsequently critically discussed in Sections 4.8 and 5.

4. Results and Discussion

4.1. Frame 1: Localised Urban Sustainability; Re-imagining the Suburb, Neighbourhood and Home

Many participants focussed on envisioned changes at the suburb and/or precinct scale. The focus
is on new types of suburbs, neighbourhoods, and homes within them, which are significantly more
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self-sufficient or self-contained, especially with respect to energy, water, and food. One participant
termed such future suburbs “micro cities”. Keywords for this frame include local, decentralised,
and distributed (e.g., distributed local energy production systems). Urban agriculture is also
embraced. Use of distributed and decentralised energy generation—especially via renewable and
other lower-emissions technologies, combined with new energy storage technologies—is envisaged
to be the best way to reduced greenhouse gas emission. Resilience is interpreted as requiring greater
self-reliance and self-sufficiency, with some participants viewing existing long supply chains and
associated infrastructure as a source of vulnerability and arguing that “re-localisation” is necessary for
maintaining resilience. These changes are combined with other priority social goals such as community
development, and re-balancing private and public space (see Figures 1 and 2).

Participants expressing this framing of low-carbon, highly-resilient cities stated that they would
show time travellers (who visited this future city in 2040) the following key features:

“Self-sufficient and interconnected suburbs and precincts—with regard to:

- energy consumption and production

- fresh food production

- a different structure to the common working week so that if one is able and chooses, one can manage
one’s life re: food production or producing wares or developing oneself personally or giving time to
things that are important like family and children.

[Sector: Peak body (green building sector); Workshop location: Melbourne]

“Transformation of suburbs to double or triple (or more) the local housing yields and populations.
Tangible focus on local neighbourhoods as self-sustaining, with local jobs, clear local centres and
production loops”

[Sector: Business—urban design/urban planning; Workshop location: Melbourne]

“I’d take them out to the parts of Melbourne that were formerly car dominated, homogenously
residential, consumption based suburbs, to observe a distinctly urban phenomena: People of all ages
and gender cycling; local employment, services and production; complete utilisation of urban water
resources; urban forests and food production. And the crowning glory—“living buildings” that are
internally homeostatic, run on sunlight and take carbon out of the atmosphere.”

[Sector: Local Government; Workshop location: Melbourne]

“The urban villages where people live, work, create and grow without needing to travel far . . . [the]
solar panels coating surface after surface. The roads that have been handed over to pedestrians”

[Sector: Research; Workshop location: Sydney]

“[I’d show the “time traveler” that] suburbs are micro cities [and] they are self-contained”

[Sector: Business; Workshop location: Melbourne]

“The elimination of the car and the rise of urban agriculture in the spaces the car left behind.”

[Sector: Business—urban design/urban planning; Workshop location: Sydney]

In some cases this frame also included reference to development of “polycentric” cities, e.g.,

“There are six other business districts (hubs) in the Melbourne metro area other than the CBD”

[Sector: Social enterprise; Workshop location: Melbourne]

“[I’d show the “time traveler”] the green building and tree-lined avenue of Parramatta Rd, the shady,
water features of Penrith and Liverpool CBDs, the agricultural businesses thriving in Sydney’s
green spaces and on its fringe.”

[Sector: Business—built environment/professional services; Workshop location: Sydney]
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Others envisioned related changes such as: Development of “new, dense, diverse urban places”
[Sector: urban design; workshop location: Sydney] and “rectification of urban sprawl” [Sector: urban
design; workshop location: Melbourne], and a future in which “nearly everything, that is practicable, is
local: Food, energy, water, jobs, education, etc.” [Sector: Local government; workshop location: Melbourne].
Another participant from local government stated that: “We’d visit a once sprawling outer suburban
area where (at great expense) public transport had been added and a dense walkable and vibrant hub
had been created” [Sector: local government; workshop location: Melbourne].

This framing also informs some of the visualisations that were developed. Some of the glimpses
portray a future city with more communal land (such as the glimpses shown in Figures 1 and 2 below)
and urban “villages” that support more localised living (see Figure 3).

Figure 1. Less emphasis on owning a private backyard: Residents work together to maintain communal
and/or shared land (that was formerly private backyards) such as for food production.

Figure 2. Growth of communal spaces in new housing estates and urban precincts.
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Figure 3. Local shopping and produce: a mosaic of urban “villages” now exists including localised
hospitals, employment, schools, and self-contained water and food production. Supermarkets do not
disappear but incorporate local produce. Technology improves the flow of information and introduces
new models of communication, e.g., an app informing residents which trees are currently fruiting.

Additional glimpses conveyed the concept of local community “hubs”. The concept of new
flexible civic/educational/commercial community spaces is shown in Figure 4 below.

Figure 4. Local “hubs”: flexible community spaces that support and empower local people and
businesses, and can also serve as “cool retreats” during major heat events.
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Major elements of this frame are summarised in Table 3 below.

Table 3. Summary of the “localised urban sustainability” frame.

Element Details (in Brief)

Diagnostic framing

• Poor government/urban planning and related market-driven urban change
“locking-in” consumption and high emissions-intensity

• Car-dependence related to poor planning and continued urban sprawl
• “Introverted”, individualistic urban living (cultural problems)

Elements emphasised

• Local-level changes: Suburbs, precinct planning, dwelling types
• Urban density
• Threats to the resilience of urban communities/environments
• Factoring in broader resilience issues into urban planning (e.g., resilient

food systems, water supply/systems, natural resource limits)

Assumptions

• A high degree of localised self-sufficiency is a realistic possibility
• Long supply chains and associated existing infrastructures (e.g., food and

energy supplies) make urban communities vulnerable
• Limited trade-offs exists between increased urban density and other social,

environmental and other policy objectives

Primary actors
• Local citizens and local governments
• Urban designers and planners

Subjective judgements
• Preference for localisation and local non-commercial ownership
• Related goals of greater decentralisation and local “connectedness”

Institutional settings
(main themes)

• Local government
• Urban design firms, architecture/design professionals; related peak bodies

(e.g., Green Building Council of Australia)
• University-based research organisation

4.2. Frame 2: Radical Shifts in Political Economy and Material Consumption

Some workshop participants emphasised much more radical shifts in socio-economic organisation
and associated ways of life and patterns in economic activity when asked what they would show
a time traveller from 2014. Similarly, some of the glimpses shown below were framed by shifts
towards greater sharing behaviours and were characterised as being “slow” and “less products, more
experiences”, about communalisation and changes in values.

According to this issue framing, low carbon living and associated transformations towards
a low carbon economy and resilient communities must focus on reducing material consumption,
and associated changes in values and economic activity. Additional aspects that are emphasised by
this framing—and not the others described in this paper—are the indirect greenhouse gas emissions
generated by production processes located elsewhere and by freight/logistics. Consumer culture is
critiqued, along with dominant status symbols (e.g., a large home, privately-owned vehicles, other
accumulated belongings, etc.), and the pursuit of affluence. Simpler living is promoted.

Additionally, participants expressing this framing of low-carbon, highly-resilient cities stated that
they would show time travellers (who visited this future city) the following key features:
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“I would want to show them a city where public transport and bike travel eclipses car use. I would
want to show them a city with no bottled water, no takeaway food, no smoking, fit and healthy
people, community groups actively practicing yoga and meditative practices, I would like to show
them large tracts of land and parks filled with edible gardens tended. I would like to show them new
education and learning models that are collaborative and non-competitive.”

[Sector: Social enterprise; Workshop location: Melbourne]

“We have sophisticated social and economic systems for measuring externalities like carbon, health,
wellbeing, and happiness. We have a post-growth, steady-state economy. Nurturing, protecting and
valuing the Commons is the key priority for business, government and society. People define wealth
through their social relationships. Large amounts of food is grown locally in community gardens.
There are no cars in the city. Energy is produced locally through distributed grids using renewable
energy. People only work for money by choice and not more than 3 days per week.”

[Sector: Social enterprise; Workshop location: Melbourne]

“[I’d show the “time traveler”] documents from a variety of flourishing sharing economy initiatives
I’m part of: A cooperatively owned electric car sharing club, my food cooperative that makes regular
farm visits, and photos of the community energy scheme I’ve invested in.”

[Sector: Research (university-based); Workshop location: Sydney]

“The whole place will have (for the 2014 visitor) a strong “whiff” of what he or she would
describe, perhaps based on earlier travels to less-developed countries, as poverty, but which seems
unremarkable to the 2040 citizens—e.g., obvious repairs to clothing; old objects and tools well
maintained; breakdowns encountered with good humour. Obvious use of (and reliance on) “legacy
technologies”. Lots of people engaged in maintenance activity. People obviously taking the time to
help each other with day-to-day tasks. A subtle sense of reduced busy-ness—simultaneously with a
lot of engagement in hard physical work.”

[Sector: Research (non-university based); Workshop: Melbourne]

“[I’d show the “time traveler” the] massive social change that has taken place to enable these things,
people are more aware of their place in the ecological balance and values are different. Combined
with this, new forms of democracy that involve the community in INFORMED decision making
(possibly inspired by Swiss direct democracy model)”

[Sector: Research (university-based sustainability institute); Workshop location: Sydney]

“[I’d show the “time traveler”] the lack of cars, what people do with their extra free time”

[Sector: Research (university-based); Workshop: Melbourne]

Similarly, another respondent would show a visitor from 2014 the “palpable culture of
sharing”, “culture and governance of making decisions bottom-up”, and “hyper local pockets of
diverse, interdependent economies and social neighbourhoods” among other key changes [Sector:
Business—architecture practice; Workshop location: Melbourne].

One way that some aspects of this frame can be further described is as a critique of urbanism
as a way of life (i.e., urban modes of social life). For example, in his sociological theorisation of
urbanism Wirth [20] argued that urban life in large cities has fundamentally altered the nature of social
relationships, such as generating a tendency for weaker social bonds. He further termed this “the
superficiality, the anonymity and the transitory character of urban-social relations”. He further pointed
to a loss of “the sense of participation that comes from living in an integrated society”. The pace of
life in urban contexts is generally much faster than rural areas, along with more insecure. Critiques of
urban ways of life are, in this frame, linked to the low-carbon and resilience agendas. Or, put another
way, the low carbon cities debate provides a new space in which these issues are given voice.
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Another survey question asked participants to nominate positive and negative “disruptive” forces
what will shape the city’s “pathway to a low carbon city over the next 30 years”. Noting responses by
the participants whose interpretations fully, or in part, express this frame helps to further explicate this
perspective. Disruptive forces that were listed as negative include: Aggressive pursuit of “affluence
entitlement”; narcissism; and patents. Disruptive forces listed as positive included: Voluntary simplicity;
sharing and sharing economy initiatives; collaboration; peer production; participatory democracy;
peak oil; and tangible ecological collapse and climate change.

This framing also informs some of the visualisations that were developed. Some of the glimpses
portray a future in which there is less emphasis on ownership, such as ownership of private vehicles
(see Figure 5), and shopping centres are transformed due to reduced consumerism (Figure 6).

Figure 5. Deprivatisation of personal transport and repurposing of land and buildings previously
dedicated to private vehicles (e.g., car parks, fewer roads, etc.).

Figure 6. Large shopping centres (such as Chadstone Shopping Centre in Melbourne) are now centres
of alternative forms of exchange, product “reuse” and social enterprise.
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Some of the glimpses also depicted new forms of exchange (see Figure 7) and slower ways of life
with improved work-life balance and more “real-here-now” contact (Figure 8 below).

Figure 7. In Melbourne in 2040 residents routinely trade energy. For example, a household with solar
panels may “trade” excess/unneeded energy for other goods/services.

Figure 8. The balance between work and leisure/life activities and the balance between virtual social
networks and “real-here-now” contact has shifted.

Major elements of this frame are summarised in the Table 4 below.
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Table 4. Summary of “radical shifts in political economy and material consumption” frame.

Element Details (in Brief)

Diagnostic framing

• The climate change problem is a symptom of deeper issues within
socio-economic systems (e.g., economic models, values)

• Longer-term sustainability and resilience requires socio-economic
transformations (not only technological and regulatory changes)

Elements emphasised

• Consumption (e.g., material consumption, energy consumption)
• Economic models
• Cultural aspects (e.g., urban ways of life, dominant social values)
• Indirect greenhouse gas emissions including those generated by production

processes elsewhere (broader spatial boundary)

Assumptions

• Imminent resource and energy supply constraints demand socio-economic
changes which form a key part of urban resilience

• Climate change is not primarily a technological problem

Primary actors

• Citizens/city residents
• Social entrepreneurs
• Activists

Subjective judgements

• Low-carbon transitions are an opportunity for socio-economic transitions
(i.e., frame emphasises socio-economic goals)

• Communitarian values preferred over individualistic values

Institutional settings
(main themes)

• Social enterprise (e.g., social entrepreneur)
• NGOs/Social activist
• Research: e.g., independent researcher

4.3. Frame 3: Achieving Low-carbon Transitions through Digital Lives and “Green Orwellianism”

Other workshop participants expressed somewhat more techno-optimist views and framed the
problem in related ways. For example, some discussed the potential development of more “smart
infrastructure” systems and related high-tech urban environments and envisaged ways that these could
shape transport systems, workplaces and the nature of work, and leisure patterns. Some participants
also speculated on the potential for advanced virtual experiences and communications technologies to
reduce the need for travel and material consumption. Some participants also broadened the frame
from urban resource consumption and local greenhouse gas emissions to the emissions associated with
mobile modern lives. Participants who framed low-carbon transitions in this way often emphasised
challenges associated with achieving substantial behavioural change. Some suggested that, in the
future, high carbon behaviours could become more strongly regulated through greater transparency
and real-time data, enabled by new high-tech feedback systems and surveillance systems.

A range of related disruptive forces were also nominated by some workshop participants. These
included: Sensor networks; smart city technology; the growth of data, i.e., big data; digital lifestyles
and further digitisation; and the adoption of “Gov 3.0” tools, technologies and techniques.

Such approaches have been termed “digital lives” and related potential systems have been termed
a kind of Orwellian future, due to the potential for highly surveilled movements and associated
regulation [21,22]. The former refers to the potential for the physical travel of people and objects
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to be substituted by forms of digital communication and virtual experiences. Additionally, more
advanced digital networks of control and associated technologies of tracking and tracing could be used
to optimise and allocate road space; enable greater automation (e.g., self-navigating vehicles); and
enable the tracking, tracing and public reporting of carbon allowances and carbon expenditures [23].

For example, in one glimpse (shown in Figure 9) the carbon footprint of an urban village is made
public, along with comparisons with other urban villages with a focus on energy, water, and waste.
The idea is that transparency and the ability to compare performance will be a driver of change.

The so-called digital disruption was also connected to other envisaged changes to work and life.
Participants expressing this framing of low-carbon, highly-resilient cities stated that they would show
time travellers (who visited this future city) the following key features:

“[I’d show the “time traveler” that] work, home and play are intertwined activities, and
telecommuting is the norm”

[Sector: Business—specialist engineering, design and technical services; Workshop location:
Sydney]

“[I’d show the “time traveler” that the] technological infrastructure exists to make remote/virtual
teams the norm, rather than the exception”

[Sector: Business—consultancy (Digital economy/cloud-based data analytics); Workshop location:
Sydney]

“Large and small organisations embracing smart work trends that are dispersed throughout
Melbourne (no more massive head offices that everyone has to travel to)—creating more co-working
and collaborative opportunities, increasing productivity and happiness.”

[Sector: NGO; Workshop location: Melbourne]

This framing also informs some of the visualisations. Figures 9 and 10 below convey the
expectation that greater transparency and monitoring will be a major driver of social change.

Figure 9. Public carbon footprints (precinct and household footprint data).
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Figure 10. Neighborhood energy monitoring: Real-time energy usage and carbon footprint monitoring
for each community is freely available to everyone. People can read their community’s energy and
carbon performance as well as that of their neighbours. Feedback and learning new ways to be more
energy and carbon efficient, as well as having pride in the ecological performance of one’s community,
is a standard part of culture.

Similarly, real-time data analytics and wearable technologies were depicted as providing
up-to-date personal footprint data, as shown in Figure 11 below. Some participants viewed related
surveillance and regulatory systems as a “dictatorship of carbon” (shown in Figure 12).

Figure 11. Use of smart wearable technologies like new wrist-bands to check a person’s community
“contribution index” in real-time (i.e., a current, continually updated, measurement for their
“contribution” to the city or a community). Contributions could be measured in terms of energy
generation, personal consumption, and participation in recycling. Such a system could also provide
constantly updated data on personal contributions to greenhouse gas emissions and other impacts of
personal choices/consumption.
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Figure 12. Strict enforcement of carbon allowances or quotas by governments, and related monitoring
and regulatory systems, termed the “dictatorship of carbon”.

Major elements of this frame are summarised in Table 5 below.

Table 5. Summary of “low-carbon transitions through digital lives and green Orwellianism”.

Element Details (in Brief)

Diagnostic framing

• Entrenched “high-carbon” behaviours which are difficult to change (e.g.,
transport/mobility, food consumption, leisure)

• Contemporary modern lifestyles (including mobility expectations, and
related mobility requirements of work, leisure, etc.) and their related
resource requirements and greenhouse gas emissions

Elements emphasised

• Use of “smart” real-time systems to drive behavioural change
• Substitution of physical travel and real-world experiences
• Low-carbon urban transitions a way to tackle urban congestion and related

pressures (e.g., on transport systems at peak times)

Assumptions

• Substitutability of real-world activities for virtual/digital activities
• Public acceptance of new monitoring and surveillance systems
• Unsustainability of contemporary mobility
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Table 5. Cont.

Element Details (in Brief)

Primary actors

• Planning professionals
• Private firms and public sector bodies developing and administering new

“smart” city and infrastructure solutions
• City residents

Subjective judgements

• Goal of shifting from high-carbon to low-carbon behaviours
• Preferences for new modes of work and workplaces;
• Arguments about the potential productivity benefits of such changes
• Need to revitalise suburban and regional centres

Institutional settings
(main themes)

• Policy, and urban and transport planning professionals (see Sustainable
Digital Cities Network)

• Specialist engineering, design and technology firms

4.4. Frame 4: Advancing Urban Resilience and Climate Change Mitigation by Greening and Radically
Adapting the Urban Form

The framing emphasises potential adaptation challenges facing Australian cities, given a changing
and warming climate, and the potential for climatic changes to require disruptive forms of adaptation.
The potential for existing buildings and urban forms to adapt to a changed climate is questioned and
dystopian perspectives were also occasionally voiced. On the other hand, the potential for creatively
and effectively adapting or repurposing existing urban infrastructure, buildings and systems to deal
with a more extreme climate is central, as depicted in Figures 13 and 14 below. Participants who
expressed this framing saw the potential to (partially) address climate and adaptation problems and
achieve greater energy efficiency through additional urban greening initiatives.

For example, participants expressing this framing of low-carbon, highly-resilient cities stated that
they would show time travellers (who visited this future city) the following key features:

“Community resilience networks, adaptive building design and green roofs, walls, and space has
eliminated urban heat island”

[Sector: State government (NSW Office of Environment and Heritage); Workshop location: Sydney]

“A city in a garden: A beautiful (nature) green city with vast parklands and plants rising up all
city buildings to rooftop gardens all doing their best to absorb the CO2 in the air . . . [and] trails to
everywhere . . . A Melbourne Food Bowl: A city producing organic food for residents”

[Sector: State government (Parks Victoria); Workshop location: Melbourne]

“There is substantial green tree planting where possible—perhaps 30–40 per cent of the city is
covered in greenery such as trees as it is a good foil for reducing heat from heat waves. There are sea
walls built around the main city foreshore to prevent storm surges. Storm water harvesting systems
have been installed around Sydney to capture and purify all the water.”

[Sector: Business: Environmental consultant; Workshop location: Melbourne]

“Vegetative cooling technologies; water reuse and recycling and urban food production on rooftops
across the city.”

[Sector: Business: Environmental consultant; Workshop location: Melbourne]
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“The greening of concrete corridors, with vine-covered paths that are “air-conditioning” the passage
of pedestrians and cyclists”

[Sector: Media/Creative Arts; location: Melbourne]

Many participants envisaged, in a range of ways, related changes to create far greener cities. For
example, in the survey responses the followings sorts of changes were envisaged:

• Protected urban and peri-urban “green lungs”;
• Green public spaces; greened inner city precincts; green urbanity;
• Mitigating the urban heat island effect with green roof infrastructure (e.g., comprehensive green

roof coverage) and greater urban greening (tree planting, other greenery in the CBD);
• Major urban flora and food planting;
• Permaculture and green spaces all through the city and broader metro area providing food and

leisure (recreation) opportunities; and
• Greater urban biodiversity.

Related, future disruptive forces were also nominated by some workshop participants—especially
those in the natural environment. These included: Increased frequency of major heatwave
events/increased heat; drought and fire; climate change (more broadly); disruption of the seasons
and agricultural production; and water scarcity. A related positive disruptive force stated by another
participant stated was “more green spaces to deal with heat stress”, and a related negative force is the
“collapse of keystone species e.g., bees, bats, and birds concerning so need to support biodiversity in
our cities”. Some participants expected that infrastructure failures will be a disruptive force.

This framing also informs some of the visualisations that were developed. Some glimpses
portray a city in which climate change led to the repurposing of abandoned buildings and unusable
infrastructure (Figures 13 and 14 below) and urban greening provides a way to cool buildings
(Figure 15).

Figure 13. An abandoned building now being used as an urban greenhouse.
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Figure 14. New uses of existing infrastructure to enable new forms of adaptation to extreme climates:
Example of reclaimed land under former freeways being used for new purposes due to protection from
sun and other climate extremes.

Figure 15. A breeze blows through and cools buildings in Melbourne 2040. Buildings are living systems
and use vegetation as permeable “skins”.

Additional glimpses conveyed other forms of “extreme” adaptation to climate change.
For example, one glimpse depicts a shift to living underground termed “burrowing” (Figure 16).

125



Sustainability 2015, 7, 8649–8683

Figure 16. The concept of “burrowing” and building houses underground is mainstream in 2040. This
Melbourne suburb consists of underground houses that escape extremes of heat and bushfires on the
urban fringe. The backyard is now the “top yard”, and is used for recreation, food production and
natural habitats. This provides climate protection, decreases energy costs and provides a greater sense
of connection to nature.

Major elements of this frame are summarised in Table 6 below.

Table 6. Summary of the “Advancing resilience and climate change mitigation by greening and
adapting the urban form” frame.

Element Details (in Brief)

Diagnostic framing

• Risks to urban resilience posed by climate change/extreme events
• Urban forms and “environments” as providing a constructed barrier between

human beings and nature (e.g., extreme weather events)
• Role of urban/spatial forms in “locking-in” consumption (e.g., energy)

Elements emphasised
• Local-level adaptive action, i.e., a human settlement focus
• Existing urban infrastructure: Repurposing buildings/structures
• Links between the built/urban form and experienced climates

Assumptions

• More substantive warming and climate impacts over the next 25 years
(by 2040)—e.g., increasing weather-related natural disasters and losses
(e.g., droughts, fire threat), heat stress effects, etc.—and more extreme forms of
“preparedness” and adaptation required

• Local climate adaptation actions often also have mitigative functions (e.g., urban
greening programs reducing energy consumption)

Primary actors

• Local and state governments
• City residents
• Urban foresters and urban biodiversity experts
• Research organisations

Subjective
judgements

• Existing major settled areas should be retained (rather than being abandoned),
even in the event of catastrophic climate change

• We should maintain existing outdoor lifestyles and leisure activities

Institutional settings
(main themes)

• Local Government
• State Government Department/Agencies
• Consultancy (e.g., environmental; communications e.g., media/creative)
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4.5. Frame 5: Low-Carbon Transitions as Changes to City-Scale Infrastructure and Larger-Scale Systems

Other participants, when asked to state what had changed between 2014 and 2040 that they would
show to a time traveller from 2014 who visited the city (i.e., Melbourne or Sydney) in 2040, focussed
on changes to city-scale hard infrastructure and related changes to large-scale systems such as for
regional transport (e.g., inter-state high-speed rail) and changes to the national electricity grid. This
was sometimes linked to changes in public policy or changes in behaviour (e.g., increased cycling).

The following responses to the survey questions are also illustrative of this particular frame:

“[I’d show the “time traveler” the] extensive punctual and widespread underground railway system,
superior to New York, Hong Kong, Paris and London; car free city centre with plenty of bicycle
parking facilities; and numerous district renewable energy generation mini grids with storage that
have completely replaced the need for brown coal fired power generation from one central grid.”

[Sector: Business—renewable energy/clean energy sector; Workshop location: Melbourne]

“[I’d show the “time traveler” the] high speed rail station delivering passengers to Australia’s major
cities in record time, replacing air travel... and all the light rail public transport making so many
outlying areas of Melbourne accessible to the city”

[Sector: Media/Creative Arts; Workshop location: Melbourne]

“Fast train network from the CBD to our airports, renewable energy generation facilities near to
Melbourne, safe and linked access routes for cycling into and out of the city . . . ”

[Sector: Business: Renewable energy firm; workshop location: Melbourne]

“A reactivated Sydney Harbour used for transport and aquaculture. The Sydney Harbour Tidal
Barrage”

[Sector: Business—urban systems/built environment consultant: Location: Sydney]

“There are no cars in the city—a second city loop [underground train system/network] and a series
of tree-lined walking/cycling paths make it easy to get around . . . [and] there are six new rail lines
going out to the suburbs and an outer suburban loop 100% renewable powered public transport
network.”

[Sector: Local Government; Workshop location: Melbourne]

“Mass transport for produce and big things in special freeway zones—possibly underground—which
is high speed and automated; large tubes dispersing goods and produce.”

[Sector: Peak body (Green building industry); workshop location: Melbourne]

Related, future disruptive forces were also nominated by some workshop participants, such
as: High speed rail; clean transport technologies being available right now; cost effective
large-scale renewable energy; and increasing interest in and decreasing costs of renewable energy.
Another respondent suggested that “current infrastructure not [being] up to scratch” would be a
disruptive force.

Some participants pointed to related technical changes and potential innovations that could lead
towards low-carbon resilience cities, particularly for buildings, transportation and energy, e.g.,

• Electric cars and busses;
• Driverless vehicles;
• Highly efficient buildings that minimise energy use and the use of other resources;
• Distributed energy generation and new storage technologies;
• Advanced battery-assisted cycles (e-bikes/commuter bikes); and
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• New transport infrastructure such as for cycling throughout the city (such as the cycling highway
shown in Figure 17) and inter-city high-speed rail services (Figure 18).

Figure 17. A Melbourne train station in 2040, next to an elevated cycling highway. The drones in the
sky are part of a delivery system, in which post and other goods are distributed.

Figure 18. High speed trains link Australian cities in 2040, negating the need to fly for business travel.

Major elements of this frame are summarised in Table 7 below.
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Table 7. Summary of “low-carbon transitions as changes to city-scale infrastructure and larger-scale
systems” frame.

Element Details (in Brief)

Diagnostic framing

• Major changes to major public and enabling infrastructure (such as for
transport, energy) are required for low-carbon transitions

• Lack of funding for alternative lower-emissions infrastructure (e.g., lack of
funding for expanding public transport systems)

Elements emphasised

• Larger-scale, hard infrastructure—city-scale, regional, national
• Emphasises transport and energy; less focus on consumption and other

sources of emissions (e.g., agriculture/food production)
• Technical change/technological innovation

Assumptions

• Services such as high-speed rail between State capitals are viable
• It is in the public interest to sustain national hard infrastructure over the

long-term (e.g., the national grid supplying cities)

Primary actors

• Federal/State governments (infrastructure investment and policy)
• Other relevant public sector bodies
• Electricity sector and firms
• Construction sector and firms

Subjective judgements
• Preference for “big infrastructure” solutions to social problems
• Related relevant expertise includes engineering and financing

Institutional settings
(main themes)

• Infrastructure provision
• Renewable energy companies/clean energy sector
• Built environment organisations

Overall, the frames can be summarised by outlining each diagnostic frame (i.e., the way that the
problem was described and/or explained) and the associated prognostic framing (i.e., prescriptions for
addressing the problem). The five frames are summarised in Table 8 below:

Table 8. Summary of identified frames.

Frame Diagnostic Framing Prognostic Framing

Localised urban
sustainability

Urban low-carbon transitions and
resilience requires a new logic of
urban (re)development, which
incorporates greater localised
self-reliance.

• Self-reliance; distributed systems.
• Transformation of precincts

and/or suburbs (citizen-led) via
localised emergent mobilisation
and community engagement. The
state acts as an enabler, changing
planning frameworks and
enabling “polycentric” forms.
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Table 8. Cont.

Frame Diagnostic Framing Prognostic Framing

Radical shifts in political
economy and consumption

The climate change problem is a
symptom of deeper issues with
existing socio-economic systems.
Longer-term sustainability and
resilience requires socio-economic
transformations.

• Radical changes to patterns of
consumption and reorganisation of
the structure of economies.

• Institutional transformation
required for urban
low-carbon transitions

Digital lives and “green
Orwellianism”

Social and technological barriers
to changing existing high-carbon
behaviours (e.g., travel,
meat-intensive diets, material
consumption).

• Use of informational and “smart”
technologies to enable major shifts
from high-carbon to low-carbon
behaviours and to drive
such changes.

Greening and radically
adapting the urban form

Urban environmental risks
associated with climate change,
are presenting cities with
significant, emerging challenges
(e.g., adaptation to dynamic new
climate risks).

• “Mitigative adaptation”: Adapt
urban form to address climate
change and risks; exploit
mitigation co-benefits (e.g.,
reduced energy use)

• Creatively repurposing existing
urban structures and
existing buildings.

Changes to city-scale “hard”
infrastructure and large-scale

systems

Urban and broader low-carbon
transitions demand major changes
to public infrastructure and
associated enabling “hard”
infrastructure.

• New city-scale, regional and
national infrastructure (“technical
fixes”) to increase the resilience of
infrastructure, and support
low-carbon living.

4.6. Dominant and Alternative Frames

The “localised urban sustainability” frame was the dominant frame in both the Melbourne and
Sydney workshops, although adherents to all five frames were present at both workshops. This is
reflected in the work of the designers/design teams, with the work of seven (out of nine) strongly
expressing the prognosis emphasised by frame 1. Frame 5 was expressed by fewest designers/design
teams (two designers/design teams). This finding surprised some project members who had previously
encountered resistance to similar concepts emphasising re-localisation and more distributed systems
(with energy, food and water production embedded in urban landscapes), such as the vision of
a future multi-local “city of short distances” which was developed in the Melbourne 2032 project
which was also led by the Victorian Eco-Innovation Lab (VEIL). This result may be reflective of the
mainstreaming of such ideas, at least within the built environment sector. In recent years, metropolitan
planning strategies in Australia have increasingly emphasised ideas such as “infill” (as per the concept
of more compact cities), polycentric urban forms, walkability and living more locally within your
neighbourhood (e.g., as per increasing focus on making Melbourne a so-called “20 minute city”),
along with the increased investment in photovoltaic solar power technologies in Australian cities.
An alternative, or complementary, explanation is that the dominance of the frame is an artifact of the
sample, i.e., influenced by who did and didn’t participate, their institutional and/or life settings [14],
and/or their ideological leanings [11]. These aspects are further discussed below.
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4.7. Identified and Potential Framing Processes

4.7.1. Evidence of the Influence of Framing Processes and Related Social Processes

Framing theorists argue that frames are co-constituted by the “particular institutional, political
and life settings” of actors [14]. The survey data provides some evidence of this. For example,
“localised urban sustainability” was the dominant frame of those working in a specific local setting
(e.g., participants who work in local government) or whose work otherwise focusses on specific
places (e.g., precincts). “Radical shifts in political economy and consumption” was the dominant
frame of participants from social enterprises, NGOs and the research sector (and not those from
government and business). The two respondents from State government agencies (Parks Victoria and
the New South Wales Office of Environment and Heritage) emphasised “advancing resilience and
climate change mitigation by greening and adapting the urban form” (Frame 4). Respondents from
specialty built environment and/or large infrastructure-related consulting firms (e.g., AECOM) and
utilities emphasised “Changes to city-scale “hard” infrastructure and large-scale systems” (Frame 5).
These patterns are indicative of the ways that frames are co-constituted by actors’ settings.

Table 9 below compares the frames expressed by some of the categories of participants who
responded to the pre-workshop survey (i.e., from different institutional and life settings).

Table 9. Main frames expressed by participant category.

Sector Category
Dominant Frame(s) in
Survey Responses

Other Frames Evident in Survey
Responses

Business

Urban design/related
practice
(n = 8)

Frame 1: “Localised
urban sustainability”
(7 of 8 responses)

• Frame 5: “Changes to
city-scale “hard”
infrastructure and large-scale
systems” (3 of 7 responses)

• Frame 2: “Radical shifts in
political economy and
consumption (3 of 7)

Specialty built
environment and/or
large
infrastructure-related
consulting firm, e.g.,
engineering and/or
construction services (n
= 6)

Frame 5: “Changes to
city-scale “hard”
infrastructure and
large-scale systems”
(5 of 6 responses)

• Frame 1: “Localised urban
sustainability” (2 of
6 responses)

• Frame 3: Digital lives and
“green Orwellianism
(1 of 6 responses”)

Consultancy—general
sustainability-related
or environmental
(n = 5)

Frame 1: “Localised
urban sustainability”
(4 of 5 responses)

• Frame 4: Greening and
radically adapting urban
form (3 of 5)

• Frame 2: “Radical shifts in
political economy and
consumption (2 of 5)

• Frame 5: “Changes to
city-scale “hard”
infrastructure and large-scale
systems” (2 of 5 responses)
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Table 9. Cont.

Sector Category
Dominant Frame(s) in
Survey Responses

Other Frames Evident in Survey
Responses

Government Local government
(n = 7)

Frame 1: “Localised
urban sustainability”
(5 of 7 responses)

• Frame 2: “Radical shifts in
political economy and
consumption (3 of 7)

• Frame 5: “Changes to
city-scale “hard”
infrastructure and large-scale
systems” (2 of 7 responses)

Government
State government
agency/department
(n = 2)

Frame 4: “Advancing
resilience and climate
change mitigation by
greening and adapting
the urban form” (2 of 2)

• Frame 1: “Localised urban
sustainability”
(1 of 2 responses)

Utilities

Energy
distribution/generations
[Ausgrid, Pacific
Hydro]
(n = 2)

Frame 5: “Changes to
city-scale “hard”
infrastructure and
large-scale systems”
(2 of 2 responses)

• NONE

Other

Research (n = 9
[excluding Ph.D.
students])

Frame 2: “Radical shifts
in political economy and
consumption (6 of 9)

• Frame 1: “Localised urban
sustainability”
(4 of 9 responses)

• Frame 5: “Changes to
city-scale “hard”
infrastructure and large-scale
systems” (2 of 9 responses)

Social enterprise (n = 3)
Frame 2: “Radical shifts
in political economy and
consumption (3 of 3)

• Frame 1: “Localised urban
sustainability”
(2 of 3 responses)

NGOs (n = 3)

Frame 2: “Radical shifts
in political economy and
consumption
(2 of 3 responses)
Frame 1: “Localised
urban sustainability” (2
of 3 responses)

• Frame 3: Digital lives and
“green Orwellianism” (1 of 3)

The broader city context can also be considered. Although a diversity of frames was evident at both
workshops, some alternative frames were more prevalent at particular workshops. More participants
in the Melbourne workshop emphasised significant current and emerging urban environmental risks
due to climate change and proposed associated extreme adaptation measures (see Frame 4). This
difference may be due to the more significant climate disruptions that have recently been experienced
in Melbourne, in particular extreme heat events during the summer months. The Sydney workshop
produced more glimpses related to reimagined suburban life. This may reflect a context in which
concerns about urban sprawl had intensified—following the release of more land for housing on
the fringe of the city—and associated additional attention was placed on “urban renewal” strategies
for achieving more development within existing suburbs and increased density. Additionally, as car
dependence and transport infrastructure provision are significant issues in both Melbourne and Sydney
it was unsurprising to see this dimension of Frame 5 articulated in both workshops.

Relating the five frames to frames identified by other researchers, and to common framings
of green transformations, suggests further insights. Knight [24] contrasts two framings of action to
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address climate change: Those framing it as a technological problem, and those who centrally see it as a
problem generated by “the excesses of modern consumption”. This cleavage is apparent in the contrast
between Frame 2 and the more technology-centric frames. Scoones, Newell & Leach [25,26] argue that
green transformations get framed in four different ways: Technocentric transformations; marketised
transformations; state-led transformations; or as citizen-led transformations (e.g., transitioning to
solidarity-based sharing or gift economies). They note that some frames focus on “the right combination
of technologies” rather than “reorganizing economies or institutions and unsettling power relations”
as per a technocentric transformation narrative [26]. The consistency of the research findings with
the framings identified in other studies is, perhaps, indicative of deeper sets of competing beliefs and
values. Indeed, Benford and Snow [11] argue that frames “function as innovative amplifications and
extensions of, or antidotes to, existing ideologies or components of them”.

4.7.2. Potential for Frame Conflict, Contests and/or Alignment

Participant deliberation on the glimpses revealed the potential for both frame conflict and
alignment processes. On the conflict side, contrasting preferences were articulated and some
participants expressed concerns about how the wider community might respond to the concepts.
For example, one participant remarked that “I think the output was great for us but I can’t see it being
engaging for an older citizen, [or] a member of the parliament etc.”. With respect to conflicting
preferences, some participants were attracted to highly localised ways of life that are far more
communal (as per some of the ways the “localised urban sustainability” frame was visualised), whereas
others reacted strongly to the sense that communalisation and localisation was being presented as
the “way to go”. There were similar differences and tensions in participants’ responses to “green
Orwellianism”.

Building on Snow et al.’s [10] analysis of frame alignment processes, there may be opportunities
for what they term frame bridging, frame amplification, frame extension, or frame transformation. For
example, frame bridging refers to “the linkage of two or more ideologically congruent but structurally
unconnected frames regarding a particular issue or problem” [10]. Frame bridging could be attempted
by trying to link the more technocentric frames (e.g., “Low-carbon transitions through digital lives
and “green Orwellianism” [Frame 3] and “Low-carbon transitions as changes to city-scale “hard”
infrastructure and larger-scale systems” [Frame 5]), or to link the frames that more strongly emphasise
social and/or cultural change (e.g., “localised urban sustainability” [Frame 1] and “radical shifts in
political economy and material consumption” [Frame 2]). Additionally, frame extensions could be
attempted by encompassing additional interests or points of view that are “of considerable salience
to potential [frame] adherents” [10]. For example, those promoting a “localised urban sustainability”
future could consider ways of portraying such urban futures which would be more congruent with
potential adherents who have different values and interests (e.g., those with less collectivist social
values) and that would also encompass additional auxiliary interests.

Sociological research has consistently demonstrated the importance of frame alignment and
“micromobilisation” processes [10,11,13,27,28]. Effective frames are often those which have been
crafted to “resonate with varying groups” and have a high degree of interpretive flexibility [13].

Linkages between frames evident in some data also indicate such opportunities. Some participants
expressed more than one of the identified frames, for example both Frame 1 and 5. The reason for
this linkage requires more investigation; however it may be due to the synergies between urban
redevelopment (Frame 1) and improved public and active transport systems (Frame 5).

However, some level of frame conflict may be unavoidable. For example, framing contests
between those who see radical reorganisation of the structure of contemporary economies (e.g., towards
post-growth economies) as an essential part of low-carbon transitions and resilience (as per Frame 2)
and others who favour technocentric–style green transformations may be inevitable.

The overall diversity of frames also meant that there was a risk that adherents to the dominant
frame would dominate discussion and prevent other framings from being heard, with framing contests
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resulting in some frames being marginalised. A diversity of frames also raises complications for
visioning processes, an issue that we briefly take-up in the discussion section below.

4.8. Discussion

4.8.1. Framing Processes and the Use of Visioning Processes in Sustainability Research

Visioning practices are often centred on the pursuit of a shared vision or, at the very least, defining
and agreeing on common goals and associated plans. As McCann notes, visioning is typically viewed
and practiced as a consensus-oriented approach that, in urban contexts, “develops goals for the
future of a city through consensus-based meetings open to all interested parties” [29]. This study,
and related theorisation by sustainability-oriented scientists [14,25,30], raises questions about the
suitability of this approach for complex prospective changes such as urban low-carbon transitions
and resilience-focused urban change. Political contention over alternatives and multiple proposed
low-carbon transformations—rather than consensus—may be inevitable and in some cases more
desirable [25].

Theorisation of frames and framing processes provides some support for this view. If, as Schon
and Rein [12] have argued, the ways actors’ cognitively process problematic complex situations (such
as the challenge of decarbonising cities) is necessarily both selective and partial then exploration of
multiple frames and associated contested pathways may be necessary to address such situations.

The approach taken in VP2040 was to question the common focus on defining a singular blueprint
of the desired future—which is typically a single detailed vision—and to, instead, explore glimpses of
possible futures. Whilst the process didn’t explicitly explore or make space for multiple frames, the
emphasis on glimpses (plural)—rather than a single blueprint—allowed for their expression.

Additional considerations emerging from this study relate to the question of how to address
the existence of multiple frames and potential framing contests in visioning processes. This study
shows that even fairly homogenous groups—such as the groups convened in the visioning processes
discussed here—don’t necessarily share a single problem frame or collective action frame. Diverse
groups are likely to contain participants that adhere to a greater diversity of frames. The study suggests
that organisers and facilitators of visioning exercises should be more attentive to framing processes
and the potential for framing contests, as well as the ways these shape the outcomes of such exercises.

4.8.2. Additional Reflections on the Design of the Visioning Process and Research

Convenors of visioning processes also need to be mindful that the framing and design of such
processes shapes the outputs and outcomes. A few features of the study are discussed below.

The process had a dual focus on decarbonisation and resilience. This decision may have led to a
stronger focus on food production (although this is also important for emissions reduction), urban
greening (as per the ideas for mitigating the urban heat island effect), and localised resilience and
self-reliance (as per Frame 1). This highlights the influence of process framing decisions.

This study also indicates that the convenors of visioning processes need to be mindful of how the
institutional and life settings of participants can shape process outcomes. This is especially the case for
workshops for which attendance is invitation only. For example, in the present study achieving a better
balance of participants from local, State, and Federal government perhaps should have been a priority
(although process convenors often have limited control over this). This may have reduced to dominance
of a single frame—localised urban sustainability—and thereby encouraged fuller consideration of the
highly complex problems being grappled with in the workshops.

The central roles played by the designers (some of whom are architects by profession) may also
have influenced the process outcomes, including contributing to the “localised urban sustainability”
frame being central to most glimpses. Their usual focus on smaller-scales (such as buildings, precincts,
streetscapes, etc.), rather than whole cities and associated large-scale systems, may have influenced
some of the visualisations/glimpses.
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The potential influence of the designers’ own preferences also cannot be entirely discounted. Some
design teams/designers and participants had also previously worked with VEIL on similar projects.
Linked with this, the research focus of the lab leading the VP2040 project (the Victoria Eco-Innovation
Lab [VEIL]) on distributed systems, food security, and resilience may also have influenced the results
of the study.

Additionally, we can consider the implications of using framing theory and examining framing
processes. The key strengths include the following: it is a useful approach for surfacing and (thereby)
discussing existing selective understandings of complex problem situations; framing attends to the
meaning work done by actors as they engage with—and prescribe solutions to—complex social
problems by constructing and using interpretive frames [11]; and the theory recognises cognitive
limitations [12]. The positives must be balanced with the potential to reinforce differences and conflict
(e.g., by highlighting the existence of competing frames) and participant considerations.

5. Conclusions

This study identified five framings of low-carbon resilient cities and found that diverse
institutionally-related and culturally-grounded framings of issues are voiced, even when relatively
homogenous groups participate. Consistent with Schon and Rein’s conceptualisation of frames—as
selective diagnostic-prescriptive stories based on underlying structures of beliefs, perceptions, and
appreciation—the frames can be understood and contrasted according to the problem diagnosis and
description (diagnostic framing) and associated prescriptions (prognostic framing). The identified
frames varyingly have the potential to contribute to conflicts or actor alignment. The survey data,
whilst having significant limitations, provided evidence of related framing processes.

As noted in the discussion that followed, the study also suggests that the convenors and facilitators
of visioning processes need to be aware of framing processes and related dynamics (e.g., framing
contests). Such processes and dynamics may have contributed to “localised urban sustainability”
being the dominant frame in the workshops. At a minimum the organisers and facilitators of
visioning exercises need to be attentive to framing contests and related social processes. A further key
consideration is whether a visioning exercise seeks to open up a complex issue (such as by surfacing
and clarifying frames) or to achieve agreement on a singular, i.e., consensual, agenda.

This study has made two related contributions. First, it demonstrated the diverse ways actors frame
the problems of urban decarbonisation and resilience. The five frames would be a good starting point
for other urban decarbonisation/resilience projects (with appropriate contextualisation). For example,
it may be possible to use them as collective action frames for building coalitions. The diverse ways
that actors frame such problems also means that if a sustainable city-related visioning process aims to
achieve consensus the process will either: need to allow for framing contests (by welcoming or making
room for them) and achieve a deeper level of frame reflection and associated reframing [12]; or it must
involve participants from similar institutional and life settings (but those actors will necessarily have a
selective and partial understanding of the problems being addressed). This has major implications for
visioning practices. Second, it demonstrated the need to be aware of framing processes in the context
of visioning and action for realising sustainable cities. As noted earlier, such action may be enhanced
by the exploration of multiple frames and associated contested pathways such as through further
examination of the frames identified in this paper and by enabling related collective action.
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Abstract: In public planning processes for sustainable urban development, planners and experts often
face the challenge of engaging a public that is not familiar with sustainability principles or does not
subscribe to sustainability values. Although there are calls to build the public’s sustainability literacy
through social learning, such efforts require sufficient time and other resources that are not always
available. Alternatively, public participation processes may be realigned with the sustainability
literacy the participants possess, and their capacity can modestly be built during the engagement.
Asking what tools might successfully align public participation with participants’ sustainability
literacy, this article describes and evaluates a public participation process in Phoenix, Arizona, in
which researchers, in collaboration with city planners, facilitated sustainability conversations as
part of an urban development process. The tool employed for Visually Enhanced Sustainability
Conversation (VESC) was specifically designed to better align public participation with stakeholders’
sustainability literacy. We tested and evaluated VESC through interviews with participants, city
planners, and members of the research team, as well as an analysis of project reports. We found that
the use of VESC successfully facilitated discussions on pertinent sustainability issues and embedded
sustainability objectives into the project reports. We close with recommendations for strengthening
tools like VESC for future public engagements.

Keywords: sustainability; sustainability literacy; urban development; public participation; urban
planning; civic engagement

1. Introduction

Both sustainability science and urban planning literature identify public participation as an
important decision making procedure [1–5]. Yet, high-quality public participation is not always
achieved. Some challenges include overly dominant government agencies, participants who lack
capacities to engage, and inequitable distributions of resources [6]. Particularly, in planning for
sustainable urban development, public participation requires not only engaged participants, but also
participants that are literate in sustainability principles, norms, and behaviors [7,8].

Engaging with a public that lacks sustainability literacy is a significant challenge for planners
and experts working towards sustainable urban development. Cohen and Wiek [9] identify ten ways
in which the public participation process (as designed by planners and experts) is often misaligned
with the local context. Participants’ sustainability literacy is one key misalignment that can impair the
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quality of public conversations on urban sustainability and ultimately compromise the robustness of
sustainability outcomes in project planning and implementation.

Obstacles to high-quality public participation, including low sustainability literacy, can often
be avoided with careful process design [10,11]. However, the body of planning literature on public
participation is weak in providing empirically informed directives for designing good processes.
The majority of published papers on public participation are theory-based, and there are far fewer
examples of empirical studies [12]. The magnitude of empirical research on the topic lags behind both
the theoretical and practitioner communities [11,13], due in part to a lack of evaluative studies on
public participation and stakeholder engagement processes [14–16].

Therefore, this article describes and evaluates a case in which researchers, in collaboration with
city planners, attempted to align the public participation process to stakeholders’ sustainability literacy
in a sustainable urban development process in Phoenix, Arizona. The project team encountered
low sustainability literacy amongst participants and redesigned engagement activities to strengthen
sustainability conversations at public visioning workshops. This study asks how public participation
processes might be structured to cope with low sustainability literacy, with the objective of generating
evidence-supported directives for designing public participation for sustainable urban development.

2. Public Participation Processes in Urban Development Projects

2.1. Defining Public Participation

“Public participation” may describe a variety of processes applied across diverse contexts [10].
For the purposes of this study, we define public participation as a process that is part of an official
urban development project. It is situated within the urban development project, which itself is
positioned within a specific context. Strategic Agents (i.e., elected officials and investors) supervise
the process, which is carried out by Operating Agents (i.e., city staff and project partners), and
Participating Stakeholders (i.e., residents, non-profits, businesses) provide input through a structured
process. Stakeholders may be involved throughout multiple project phases, including preparing,
planning, implementing, and evaluating project outcomes. Stakeholders may be asked to engage
through different methods, including public meetings, focus groups, workshops, citizen juries, and
other protocols [9,17].

2.2. Misalignments between Public Participation Process and Local Context

The literature on public participation features theoretical debates about whether participation
yields positive outcomes or instead produces adverse effects. In planning literature, little empirical
evidence supports either argument [12], yet some scholars contend that most shortcomings of
participation processes can be mitigated through careful process design [10,11].

To avoid challenges to high-quality public participation, one must first identify these pitfalls.
Through a broad review of the literature on public participation in urban development, Cohen
and Wiek [9] found common challenges to public participation and organized these issues into ten
categories, conceptualized as misalignments between the public participation process and the local
context, including policy maker support, community civic engagement, and stakeholders’ collaborative
capacity, among others. These common challenges to public participation in urban development occur
when the public participation process (as designed by experts and planners) does not align with the
local context where participation is taking place.

This article is concerned with one specific misalignment between the public participation process
and the local context: Stakeholders’ sustainability literacy. Generating robust sustainability outcomes
through public participation processes requires stakeholders to engage in sustainability-oriented
conversations. Many members of the public, however, lack a strong grounding in sustainability
principles, and their values and behaviors may be in conflict with sustainability. Meaningful
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engagement around sustainability is challenging when participants are not, in this sense, “literate”
in sustainability.

When a public participation process is not aligned with stakeholders’ sustainability literacy,
there is a knowledge and/or values gap on sustainability between experts and stakeholders. When
this problem persists, participants may feel confused, they may harbor frustrations or distrust,
and their input may be incompatible with sustainability goals and objectives [9]. This is not to
imply that sustainability-literate participants would guarantee a consensus around sustainability
outcomes. Rather, a public participation process aligned to participants’ sustainability literacy might
yield constructive dialogue, seek compromise, find common understanding, and enable robust
sustainability-oriented outcomes to influence subsequent policy decisions.

2.3. Approaches for Aligning Public Participation Processes to Participants’ Sustainability Literacy

Building stakeholders’ capacity for sustainability can strengthen the quality of public participation
in urban sustainability governance [7]. Sustainability competence has been defined as a bundle of
knowledge, attitudes, and skills about sustainability [18], and we adopt this comprehensive perspective
on sustainability competence as the ideal for high sustainability capacity. Stakeholders’ capacity for
sustainability can be developed through social learning, i.e., experiences in which participants build
understanding and shape their values through collaboration with others. Social learning is a common
potential benefit of public participation, and there are many cases of facilitating social learning of
sustainability [19–21]. Although social learning is popular in sustainability governance literature, it is
important to note, that this form of capacity building requires a significant investment of time and
other resources that may not be available in all participatory processes [20]. In an empirical study
of social learning in public participation for sustainability outcomes, Garmendia and Stagl [22], for
example, found that participants need ample time for interaction and deliberation.

As an alternative to enhancing sustainability literacy through separate capacity building events,
the planning process itself can be designed as a learning experience, using guidelines from the literature.
In the following, we review a set of guidelines for aligning public participation processes to participants’
sustainability literacy.

Innes and Booher [6] identify keys to successful public participation, one of which is dialogue.
Dialogue can be transformative because participants who listen to and inform each other can
develop new ideas and shared meanings. They recommend that public agencies promote procedures
that foster deliberation between stakeholders and that planners be trained to design and manage
collaborative processes.

Other scholars repeat this recommendation. Through case studies of participatory processes,
Fung and Wright [23] synthesize key principles of empowered participatory governance. They state
that procedures should lead dialogue beyond an abstract discourse on values and instead focus on
conversations about practical issues and concrete problems. People affected by the problems being
discussed should be given an opportunity to deliberate solutions to the problems. Healey [24] discusses
creative urban governance as an alternative to the “established routines (and) rule-bound bureaucratic
procedures (p. 88)” that typify planning processes. Under creative urban governance, processes would
support informative conversations that are facilitated through experimental practices (cf. [5]).

Rowe and Frewer [16] propose four criteria for evaluating a public participation procedure:
Criterion of resource accessibility, criterion of task definition, criterion of structured decision making,
and criterion of cost-effectiveness. Two of these criterion—resource accessibility and structured
decision making are particularly helpful for guiding the construction of participatory procedures to
foster social learning and structure participant interaction and deliberation. The first vital criterion,
resource accessibility, stipulates the resources that participants need to make a decision. This includes
(a) information resources, or the facts needed to make an informed decision; (b) human resources, or
access to experts and other individuals that can provide needed information; and (c) material resources,
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or objects like projectors or whiteboards to facilitate understanding. These resources would all be
important for communicating sustainability concepts, problems, and solutions to diverse participants.

The second vital criterion, structured decision making, states that activities should follow clear
mechanisms for facilitating decision making. Coping with low participant sustainability literacy in
participatory procedures would lend to a need for competent facilitation. Subsequent works [15,25]
question whether this criterion should be further broken into more specific criteria, and Rowe et al. [25]
consider including assessments of adequate and fair elicitation as well as information presentation.

One way to present information is through the use of images. In a study on the use of imagery for
public engagement on climate change, O’Neill et al. [26] found that images of climate change impacts
made participants feel that climate change was important (salience), but reduced their feeling that
they could do something to address the problem (self-efficacy). On the other hand, images of energy
futures increased participant efficacy. While images of the problem reduced participant self-efficacy,
images of potential solutions awoke in participants a sense that they could tackle the challenge.
This finding would support Fung and Wright’s assertion that participants should be engaged on the
topic of solutions, which is doubly relevant to sustainability planning, as sustainability science is
framed as a solution-oriented endeavor [27]. The framing of issues significantly impacts participant
input [22,28,29], and in the case of sustainability, these examples from the literature indicate that such
topics should be framed as solutions to real problems.

In summary, a public participation procedure to support sustainable urban development may be
effective if it fosters deliberation about real problems and their potential solutions, and if it supports
social learning. Due to common time constraints of participatory planning processes, we focus
particularly on information resources and presentation as well as facilitation to enable conversations
about sustainability outcomes amongst stakeholders who may not be comfortable or familiar with
sustainability. Therefore, facilitators need to be specially trained to lead deliberations on sustainability
supported by materials like visuals to aid participant understanding.

3. Research Methods: Evaluation of a Public Participation Procedure

This study was conducted on a participatory visioning process for an urban development project
in Phoenix, Arizona. The authors were members of a research team that designed and implemented a
participatory process to elicit stakeholder input for sustainability visions for districts along the City
of Phoenix’s light rail corridor. Through one-on-one interviews, surveys, community organization
meetings, and public workshops engaging nearly 300 participants in the first district (Gateway District),
researchers observed a challenge of facilitating discussions around sustainability with stakeholders
who had little background on the subject. The researchers identified stakeholders’ low sustainability
literacy as a barrier to quality public participation and redesigned workshop activities and materials
for use in other transit districts (including the Midtown District, which serves as the reference district
in this study).

This article evaluates the tool of Visually Enhanced Sustainability Conversation (VESC) that
was designed to better facilitate deliberation on sustainability options during the public visioning
process. We evaluate VESC using select criteria from Rowe and Frewer [16] that would support
participant deliberation over sustainability issues (resource accessibility, including information
resources, human resources, and material resources; and structured decision making, including
elicitation and information presentation), and we apply a fifth criterion that the activity must facilitate
public discussion on sustainability. The ultimate research question is whether or not the application of
VESC effectively facilitated conversations and decision-making about sustainability options.

To assess VESC in terms of the above criteria, the evaluation includes researchers’ direct
observations; document analysis of vision reports from two of the transit districts (Gateway and
Midtown); and 11 interviews with participant stakeholders, project partners, and members of the
research team. Table 1 outlines the data inputs used in the evaluation.
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After public participation concluded in each district, a steering committee of stakeholders
was formed to support the visions towards implementation. Steering Committee members were
co-selected by researchers and staff from the City of Phoenix Neighborhood Services Department and
the Planning and Development Department. Selection criteria emphasized a diversity of perspectives,
including anchor institutions (i.e., hospitals, universities, and religious institutions), businesses and
business coalitions, K-12 schools, developers, landowners, neighborhood associations, and residents.
Special attention was given to underrepresented populations, including refugee communities, recent
immigrants, public housing residents, and American Indians. Those recommended were contacted and
interviewed by researchers to determine their availability and interest in serving on the committees.
Over a span of 18–24 months, Steering Committees reviewed and edited planning documents,
recommended potential investments (i.e., support for road improvements or development of business
incubators), and supported grants for infrastructure projects.

Table 1. Data inputs for evaluating visually enhanced sustainability conversations.

Data Type:

Direct observations

Document Analysis:

• District Vision Report
• Midtown District Vision Report

Interviews:

• Gateway District Steering Committee Member #1, interviewed 6 January 2015
• Gateway District Steering Committee Member #2, interviewed 9 January 2015
• Gateway District Steering Committee Member #3, interviewed 14 January 2015
• Midtown District Steering Committee Member #1, interviewed 5 December 2014
• Midtown District Steering Committee Member #2, interviewed 11 December 2014
• Midtown District Steering Committee Member #3, interviewed 12 December 2014
• Midtown District Steering Committee Member #4, interviewed 14 December 2014
• Midtown District Steering Committee Member #5, interviewed 19 December 2014
• City of Phoenix Planner, interviewed 17 December 2014
• Research Team Member #1, interviewed 30 January 2015
• Research Team Member #2, interviewed 3 February 2015

For this study, researchers identified steering committee members as ideal respondents because
they were involved at public engagements during the visioning process, they hold a big-picture
perspective of development goals in their districts, and they were selected to be representative
of significant stakeholder groups in their districts. Researchers conducted interviews with three
Gateway Steering Committee members and five Midtown Steering Committee members to compare
the workshop experiences in the two districts. A City of Phoenix planner was interviewed to gain
insight from a project partner. The planner also recommended the steering committee members to
be interviewed for this evaluation. Finally, to reduce bias in the evaluation, interviews with two
members of the research team provide feedback from individuals that helped design the VESC tool
and facilitate public participation, but are not authors of this article. The interviews with the research
team members are particularly valuable because both respondents are now practicing urban planners
in major metropolitan areas in the U.S.

Respondents participated in semi-structured interviews. A researcher met with the respondent,
reviewed copies of workshop activity posters from both districts and VESC posters from the Midtown
district. In each interview, respondents compared the experiences from the two districts and provided

142



Sustainability 2015, 7, 8709–8728

feedback on the tools that were used. After each interview, responses were coded by evaluative criteria,
and the researcher assessed whether feedback was negative, ambivalent, or positive. This approach
relies to some extent on the researchers’ own judgments (coding and assessment), but respondent
quotes provide rich details that support the assessment decisions.

4. Reinvent Phoenix: Aligning Public Participation Process to Stakeholders’ Sustainability
Literacy

4.1. The Reinvent Phoenix Participatory Visioning Process

Reinvent Phoenix was an urban development project in Phoenix, Arizona. Funded by the U.S.
Department of Housing and Urban Development, Reinvent Phoenix was a partnership between
the City of Phoenix, Arizona State University, St. Luke’s Health Initiative, and other community
organizations. The project sought to promote transit-oriented and sustainable urban development
along Phoenix’s light rail corridor. This goal was to be achieved over multiple phases that included a
public participation process to develop sustainability visions for five specific transit districts: Gateway,
Eastlake-Garfield, Midtown, Uptown, and Solano (Figure 1). The visions would then inform a zoning
process to create form-based codes that support transit-oriented and sustainable urban development.

Figure 1. Reinvent Phoenix project map.

The authors and their research team managed the public participation process to create the
sustainability visions for each district. This article focuses on a particular aspect of the visioning
processes in the Gateway and Midtown Districts. The Gateway District is the farthest east district of
Phoenix’ light rail corridor. It is one of the most ethnically diverse transit districts, and it features the
corridor’s highest poverty rates and lowest educational levels. The Midtown District, by contrast, is
the most affluent of Phoenix’s transit districts. Comparing participation between these two districts is
challenging as socioeconomic, educational, and other factors significantly impact participation [30].
However, Gateway’s visioning process provides a convenient baseline against which to measure
the effectiveness of VESC as this tool was not designed until after public participation in Gateway
had concluded.

A pilot process was conducted in the Gateway District from September–December 2012. During
this period, researchers engaged with stakeholders, who live, work, do business in, or visit the district,
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through one-on-one interviews, community organization meetings, two public mapping forums, and
two public visioning workshops. Through the engagements leading to the visioning workshops,
participants identified areas they would like to see preserved or changed, and they discussed the types
of changes they would like to see occur. Researchers identified consensus areas for change (transition
areas) and prepared a visioning workshop to enable participants to discuss in detail how each of the
transition areas might look in the future.

Accordingly, researchers engaged workshop participants in discussions about specific changes
for the identified transition areas in the Gateway District. These conversations revolved around a
Visual Preference Survey (VPS) in which participants discussed and voted on preferences for issues
including building height, street design, and landscaping. The VPS facilitated form-based discussions
that focused primarily on the district’s physical form. Sustainability outcomes were tacitly included
in certain options. For instance, taller building heights promoted density, complete street designs
fostered multi-modal transportation options, and low-water landscaping would use fewer natural
resources. Sustainability was not explicitly addressed in these conversations, and function-oriented
conversations (i.e., how participants would live and work in the buildings; how participants would
travel on streets) occurred organically, if at all.

At the end of the public participation process in the Gateway District, researchers drafted a vision
based strictly on stakeholder input. After the report was complete, one member of the research team
conducted a criteria-based sustainability appraisal of the Gateway vision. The appraisal showed that
the initial vision lacked sustainability substance [31]. Throughout the process, the researchers felt that
public discussions about sustainability outcomes could have been stronger and that more targeted
discussions would have further infused sustainability into the vision.

As the Gateway District was the first transit district in which visioning activities occurred,
researchers had an opportunity to take lessons from that experience and revise the approach for
subsequent districts. Identifying low sustainability literacy of participants and seeking to strengthen
sustainability conversations at visioning workshops, the researchers devised new workshop activities
and materials for facilitating public discussions. The Midtown District is one of the districts in which
the revised participation procedures were implemented.

The Midtown visioning process occurred January–May 2013. Researchers employed a slightly
altered process for identifying transition areas, including one-on-one interviews, forums at existing
neighborhood meetings, and tabling at community events. At the visioning workshops, researchers
again led participants through a VPS activity. After concluding the VPS, researchers facilitated a new
activity, titled Visually Enhanced Sustainability Conversation (VESC).

4.2. Designing the Visually Enhanced Sustainability Conversation

The intention of VESC was to facilitate a public discussion to prioritize sustainability objectives
and identify means (vision elements) for achieving these objectives that would be acceptable to
stakeholders. To foster deliberation towards sustainability outcomes, researchers pre-selected the
objectives and vision elements prior to the visioning event. Figure 2 shows the hierarchy of a
sustainability vision, from the most general component (guiding principle) to the most specific (vision
element).
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Figure 2. Hierarchy of a sustainability vision.

In the case of Reinvent Phoenix, researchers populated this sustainability vision hierarchy through
a transparent process. Guiding sustainability principles were adapted from Gibson’s widely accepted
synthesized set of six criteria [32]. For each sustainability principle, neighborhood-specific objectives
were identified through intensive public engagements via one-on-one stakeholder interviews, surveys,
community organization meetings, and public forums [33]. Researchers then identified criteria-based
elements that could be operationalized to achieve the neighborhood-specific objectives and the guiding
sustainability principles. Researchers then vetted the objectives and vision elements with project
partners in the City of Phoenix Planning Department. Table 2 outlines the objectives and their related
vision elements for each of Midtown’s three transition areas.

Researchers sought local and regional examples of each vision element in order to capture visual
evidence of the element’s use in the Phoenix area. In some cases, local examples did not exist, and
researchers attempted to locate images as relevant to the Phoenix context as possible.

Although the content of the VESC tool is critical, it is not the only success factor for a participatory
vision. The facilitators themselves are equally as important as the facilitation tools. In preparation for
public visioning workshops, members of the research team were paired as facilitators and note-takers.
Facilitators and note-takers underwent multiple trainings. Through a series of dry runs, the facilitators
and note-takers practiced the visioning activity that revolved around VESC. The facilitator played a
focal role leading the exercise, and note-takers played a support role by recording all conversation onto
a laptop, joining the group discussion when the facilitator couldn’t manage multiple conversations,
and organizing support materials like pens, markers, and post-it notes. In some cases, when group
dynamic dictated, the note-taker became a secondary facilitator.
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Table 2. Sustainability objectives and vision elements by transition area.

Transition
Area

Objective Vision Element 1 Vision Element 2 Vision Element 3

Park Central
Mall

Economic vitality
through strong local
businesses

Buy-local initiative Small business support
organization

Business in
mixed-use building

Diverse employment
and training
opportunities

Co-working spaces University-community
partnership

Participant
suggestions

Cool neighborhoods Cool pavement Vegetation Living roof

Walkable and
bikeable
neighborhoods

Neighborhood
circulator

Pedestrian malls and
promenades Park-and-ride

Central Avenue
Corridor

Diverse employment
and training
opportunities

Co-working spaces University-community
partnership

Participant
suggestions

Cool neighborhoods Cool pavement Living roof Vegetation

Walkable and
bikeable
neighborhoods

Neighborhood
circulator

Pedestrian malls and
promenades

Participant
suggestions

Saving money
through conserving
natural resources

Adaptive reuse Energy efficient homes Solar houses

Third Street
Corridor

Economic vitality
through strong local
businesses

Business incubator Small business support
organization Buy-local initiative

Cool neighborhoods Cool pavement Living roof Vegetation

Walkable and
bikeable
neighborhoods

Neighborhood
circulator

Pedestrian malls and
promenades

Participant
suggestions

Saving money
through conserving
natural resources

Adaptive reuse Solar houses Energy efficient
homes

4.3. Facilitating the Visually Enhanced Sustainability Conversation

During the visioning activities, the facilitator employed the VESC tool by first showing
participants a poster stating a small number (3–6) of sustainability objectives to discuss. Participants
voted on the objectives that most interested or resonated with them (top 1–3). This voting served as an
input for planners on how to prioritize objectives in the planning and implementation process of the
Reinvent Phoenix project. The facilitator then led structured conversations about the most popular
objectives, sharing a poster for each objective that illustrated potential vision elements for achieving
the objective (Figure 3).

The poster for each objective listed two to three potential vision elements, and some posters
prompted participants to suggest additional elements. For each vision element, there was a short
description and a photograph providing visual representation. For issues involving building height
and street design, we used photo-realistic visuals that depicted the vision elements (i.e., 5–8 story
buildings) as they would actually look in a given location. The facilitator described each vision element
and fielded questions. The facilitator then guided a pros/cons conversation in which participants
provided strengths for each vision element as well as potential obstacles to successful implementation.
The facilitator noted participant responses on sticky notes and placed these inputs on the poster.

Participant input was inserted directly into the Midtown District vision. The vision for each
transition area was organized around the sustainability objectives that gained the greatest stakeholder
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interest. The specific vision elements that participants supported were included in the report, and any
nuances in participant preferences were addressed. For instance, in discussing rooftop photovoltaics
(strategy: Solar houses) as a vision element for saving money through conserving natural resources along
the Central Avenue Corridor, one participant noted that he was not comfortable with photovoltaic
panels being visible from the street in the historic neighborhoods near Central Avenue. Through
deliberation, he acknowledged that photovoltaic panels on historic homes were acceptable provided
they were visible only from backyards. The note-taker recorded this request, and the vision stipulated
that photovoltaic installations should not compromise historic character in such neighborhoods [34].

Figure 3. Example poster from a Visually Enhanced Sustainability Conversation.

Because the vision was oriented around pre-selected sustainability objectives, researchers
conducted the criteria-based sustainability appraisal during the design of VESC. As described in
Section 4.2, sustainability scientists vetted potential vision elements prior to the visioning workshops
(based on objectives that aligned criteria identified by stakeholders and expert-based sustainability
criteria), ensuring that the public discussions revolved around sustainability-oriented outcomes.
A cursory sustainability appraisal of the vision reinforced that the vision does indeed describe a
sustainable Midtown [34].

5. Evaluating the Alignment between Participatory Visioning and Participants’ Sustainability
Literacy in Reinvent Phoenix

The central focus of this article is to determine if Visually Enhanced Sustainability Conversation
(VESC) aligned Reinvent Phoenix’s participatory process to stakeholders’ sustainability literacy. We
therefore evaluate the tool in terms of how it facilitated participant conversations about sustainability.
Respondents provided predominantly positive feedback on VESC for each of the evaluation criteria,
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and Table 3 shows which inputs (i.e., Steering Committee members, research team members, direct
observations) yielded positive or negative assessments for each criterion.

Table 3. Results of evaluation of visually enhanced sustainability conversations.

Evaluation Criteria
Assessment

Negative Positive

Information Resources • 2 Midtown Steering Committee members
• 2 Gateway Steering Committee members
• 2 Midtown Steering Committee members
• 1 research team member

Human Resources • 1 Direct observation
• 1 Midtown Steering Committee member
• 1 research team member
• 1 Direct observation

Material Resources
• 1 Gateway Steering Committee member
• 1 Research team member

Elicitation • 1 Research team member

• City of Phoenix planner
• 2 Gateway Steering Committee members
• 5 Midtown Steering Committee members
• 1 Research team member
• 1 Direct observation

Information presentation

• City of Phoenix planner
• 1 Gateway Steering Committee member
• 2 Midtown Steering Committee members

• 3 Gateway Steering Committee members
• 3 Midtown Steering Committee members
• 1 Research team member

Sustainability Discussions

• City of Phoenix planner
• 2 Gateway Steering Committee members
• 5 Midtown Steering Committee members
• 2 Research team members
• 1 Direct observation
• Midtown Vision Report [34]

In general, respondents regarded VESC as a useful tool for facilitating public discussions on
sustainability objectives and vision elements. Respondents from Midtown reported that VESC did
support the goal of infusing sustainability into both discussions at workshops and the resulting vision.
Respondents from Gateway reviewed the VESC materials and felt that the tool would have been
helpful in their district as well. The City of Phoenix planner and members of the research team also
acknowledged the benefits of VESC. Although respondents supported the use of VESC, some also
provided critiques and made recommendations for improving the tool. The most salient remarks and
observations are discussed below.

6. Discussion

This section discusses the results for each evaluation criterion and highlights key quotes from
respondents that illustrate both the strengths and weaknesses of VESC as it was implemented in
Reinvent Phoenix. The following codes are used to cite each evaluation source:

• Direct observations: DO
• Gateway District Vision Report: [31]
• Midtown District Vision Report: [34]
• Three Gateway Steering Committee members: GW01; GW02; GW03
• Five Midtown District Steering Committee members: MT01; MT02; MT03; MT04; MT05
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• City of Phoenix Planner: CP01
• Two research team members: RT01; RT02

6.1. Information Resources

The VESC posters, as information resources, were intended to define sustainability-oriented
development objectives and present details about potential vision elements for achieving those
objectives. The goal here was to foster informative conversations [24]. One Gateway respondent
noted, “Everybody needs a starting point to enter the discussion” (GW03). A member of the research
team pointed out that by placing objectives and vision elements on the posters, the researchers were
reassuring participants “that these options are sustainable” (RT01). By presenting to participants
sustainable options to discuss with examples and details, VESC gave participants the starting point
they needed to enter the discussion about sustainability options.

To improve VESC posters as information resources, a Midtown respondent recommended
providing more examples for each objective and offering more local examples so that participants
could understand the examples through a context with which they are familiar (MT02). Researchers
attempted to provide local images of vision elements, but not all vision elements had been implemented
locally. The research team included external examples so as not to limit the vision to only what had
already been accomplished in Phoenix. O’Neill et al. [26] reported on the importance of images in
facilitating public discussions on sustainability issues, and respondent feedback in this evaluation
seems to support this assertion. One Midtown respondent was concerned that participants that were
learning of a potential objective or vision element for the first time might walk away from the activity
with an overly optimistic view if the group is unable to identify shortcoming and pitfalls (MT04). For a
balanced perspective [35], the posters may need to include disadvantages and facilitators might need to
be more transparent about the pros and cons of each option. To alleviate this concern, the VESC poster
and facilitation included an opportunity to discuss shortcomings of each vision element. Ensuring then
that participants have a firm grasp of each option depends on competent and transparent facilitation.

6.2. Human Resources

Rowe and Frewer [16] highlight the importance of human resources to a participatory exercise,
and VESC involved two groups of people: (1) the facilitator and note-taker; and (2) the participating
stakeholders. A member of the research team was very positive about the quality of facilitation
and attributed facilitator competence to the training and preparation of facilitators prior to the event
(RT02). Facilitators helped research the sustainability objectives and vision elements and therefore were
familiar with each option. A respondent from the Midtown District also noted the human resource
value of fellow participants, saying, “It was good to have people with different ideas that can consider
something different than their own point of view. There were times that I changed my opinion when
I heard other people’s ideas” (MT01). This form of social learning was fostered by the facilitated
discussions about the benefits and obstacles for each vision element. Furthermore, this outcome from
VESC supports the importance of dialogue and deliberation emphasized by Innes and Booher [6] and
Fung and Wright [23].

6.3. Material Resources

During the interviews, respondents discussed the VESC posters as a mode for sharing information
with participants. One member of the research team felt strongly that posters were resources that aided
“people that didn’t necessarily have a literacy in sustainability or urban planning” (RT02). A Gateway
Respondent said, “I think the materials are fine. I look at this and I see ‘here is a priority and here
are three strategies to do that.’ I think that is great” (GW03). The objectives and vision elements offer
solutions to sustainability problems in the districts, and the VESC materials focus deliberation on
solutions, as recommended by Fung and Wright [23].
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6.4. Elicitation

Interviews showed a favorable assessment of VESC as an elicitation tool. Respondents tended
to like the structure of the activity, and they felt that VESC prompted discussion by first providing
examples that participants could see and understand. One respondent noted, “If you give them
tangible examples, then they can see themselves in it” (MT02). Another respondent liked the structure,
saying “It might help with people that aren’t as knowledgeable, getting them on the right path” (MT04).
The City of Phoenix Planner said VESC “helps because ( . . . ) you need to have directions so you
can prompt them to think and then go with it. You initiate some conversations and then you elicit
additional ideas because you prompted” (CP01). Contrasting VESC against the experience in Gateway,
a member of the research team said, “In Gateway, it was hard to facilitate without the material to
guide the conversations. We were less able to elicit responses because we didn’t have the tools to do
that” (RT02). She felt the VESC tool solved this issue. These comments highlight VESC’s strength
at structuring decision-making, emphasized by Rowe and Frewer [16], and facilitating informative
conversations, promoted by Healey [24] and Zint and Wolske [5].

In critique of elicitation under VESC, one Gateway Respondent said, “I think you should always
leave an opportunity for people to come up with ideas that you might not have already thought of”
(GW03). Some objective posters presented two options (vision elements) and asked for additional
ideas, while other posters presented three options and did not elicit additional input. It would be
possible to design posters that always ask for additional ideas. A member of the research team also felt
that while the structured conversation around pre-selected options was helpful, “there would be more
value if ( . . . ) there could have been a more organic discussion about, for example, what sustainable
land use looks like” (RT01). One solution to this concern might be to initiate the conversation with the
objective/element discussion and then facilitate a bigger-picture discussion of general sustainability
once the participants have been prepared by first discussing tangible examples. However, such a
structure may not be reasonable if an event is facilitated under time constraints.

6.5. Information Presentation

O’Neill et al. [26] show that images of solutions inspire participants and increase participants’
self-efficacy. The VESC sought to accomplish similar goals by including images of potential vision
elements for achieving the sustainability objectives. The images allowed participants to see themselves
in the sustainable future (MT02). VESC posters would also help participants who were visual thinkers
(GW02), and visuals help move “the discussion along quicker in terms of people comprehending what
we’re comparing in terms of several options” (GW03). All five respondents that participated in VESC
in Midtown District felt that the visuals improved the activity and fostered good conversation.

There were several issues that should be improved so that VESC can better present information.
The City of Phoenix Planner felt that “the language was very planner wonky. Why can’t it just
say “good job choices?” (instead of “diverse employment opportunities”) (CP01). Although there
is credence to the respondent’s opinion, the language on each poster was negotiated between
project partners, evaluated in pre-tests, and revised multiple times. Another critique focused on
the quality of translation, because some of the Spanish language translation was considered inaccurate,
making the activity confusing for Spanish speakers (GW01). This critique is especially troublesome
because the Reinvent Phoenix research team included native Spanish speakers who translated the
materials. Pre-testing VESC with Spanish speaking participants is one potential solution for checking
translation quality. The presentation of vision options would also have been better if images depicted
implementations local to the Phoenix area (RT01). The goal was to show local examples, but there was
not always local evidence available for the selected vision elements.
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6.6. Sustainability Discussions

Respondents overwhelmingly rated VESC positively as a tool for leading discussions about
sustainability outcomes, and researcher observations support these conclusions. A member of the
research team succinctly justified VESC and highlighted the activity’s outcomes: “Our mandate was
from a grant which stipulated that the vision had to be something sustainable. We weren’t just talking
about sustainability in general terms. Because the future has to be sustainable—what options would
you support out of this pool of ideas? The VESC guided the conversation in a particular direction”
(RT02). One respondent speculating on how VESC would have supported visioning in Gateway said,
“I think you have to present some sustainable strategies and put those forth rather than work through
15 ideas people throw out that aren’t sustainable. And if it is an opportunity for folks to learn about
sustainability by discussing strategies that are based on sustainability, it allows people to meaningfully
engage” (GW03). A Midtown respondent said, “If you just give someone a question, their mind goes
blanker than anything. These posters were a good way to start” (MT01). Another Midtown respondent
praised VESC for supporting his own thought process, saying, “I’m thinking along these lines anyways.
I might organize my ideas. But without these objectives, my ideas might not be so formalized” (MT04).

7. Limitations

The evaluation of VESC provides insights about designing tools for supporting public discussion
about sustainability, but the evaluation did have some limitations that are discussed below.

The evaluator was a member of the research team: While there is opportunity for bias to cloud the
evaluation, the authors’ role in the process afforded rich opportunities to collect direct observations
of the design of visioning workshop, the VESC tool, workshop implementation, and participant
experiences. Because the evaluation occurred up to two years after the public participation events, the
authors were also able to distance themselves from the research project and approach the evaluation
more objectively.

The evaluation occurred as much as two years after the public participation events: While this gap
in time afforded greater objectivity, it might have slightly undermined the quality of participant
reflection (cf. [36]). Some respondents clearly remembered the participation events and activities.
Others were able to recall what occurred after brief conversations about the process. Others had
trouble remembering specific conversations and themes. Ideally the research questions and evaluation
would have been established prior to the visioning process in each district and conducted during and
immediately after. Still, given the circumstances, the authors felt that there was value in collecting
feedback to learn from the experience.

No formal assessment of stakeholders’ sustainability literacy: The researchers did not formally evaluate
stakeholders’ sustainability literacy, and the decision to create tools to better align the engagement
process with participants’ sustainability literacy was based on direct observations and a heuristic
process. Were more time available, critically assessing participant capacities could have further
informed the design of the engagement tools and procedures. Still, although there was no formal
pre-testing of literacy, through an informal appraisal we found sustainability literacy was very low,
and in Gateway, this experience was repeated at four separate tables at each of four public events.
Facilitators at each table faced the same challenges in engaging participants on issues of sustainability.
From this low level of observed literacy, researchers set a baseline from which to communicate
through VESC.

Sustainability not publicly defined with participants: While neighborhood-specific sustainability
objectives were derived through robust stakeholder engagement, guiding sustainability principles
were drawn from the literature, and a shared conceptualization of sustainability was not co-created
with participating stakeholders. In-depth discussions about what sustainability means to a community
is a way to engage on a vision. Pragmatically, in this project researchers wanted visioning workshops
to produce tangible outcomes so that the vision could produce implementations and experiments.
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In most cases, VESC fostered discussions that went beyond the preselected options, and the vision
elements were often just a starting point, as noted above by respondents MT01 and MT04.

No interviews with participants outside of steering committee members: Because the evaluation took
place long after public visioning concluded, the authors chose to interview steering committee members
out of convenience. Steering committee members were easy to contact because they were still involved
in Reinvent Phoenix. Steering committee members were also representative of certain constituents in
each district, and the authors felt that their perspectives would be valuable, and that they could speak
on behalf of other participants.

The evaluation lacks quantitative data: Prior to the evaluation, the authors did not establish clear
metrics for what would be negative or positive assessments of each criterion. Respondent interviews
do, however, provide rich details about VESC and the experience of participants at Reinvent Phoenix
visioning workshops.

8. Conclusions

In Reinvent Phoenix, researchers experienced low sustainability literacy amongst participants.
Researchers went from a model in which participants couldn’t engage with sustainability principles to
a model under Visually Enhanced Sustainability Conversations (VESC) in which they could. VESC
helped sustainability experts translate abstract, hard to understand sustainability principles into
something that is tangible, down to earth, and reasonably easy to understand.

One of the goals of VESC was to align a public participation process with stakeholders’
sustainability literacy in order to improve sustainability-oriented discussions at public visioning
workshops. To achieve this goal, the tool would have to provide participants with information
resources and structure decision making [16]. Through an evaluation of VESC, the study investigated
in how far the tool effectively facilitated public deliberation about sustainability outcomes and in how
far VESC improved public discussion about sustainability compared to previous engagements.

In general, all respondents had favorable opinions of VESC. Midtown District respondents
thought the activity was successful as they experienced it, and Gateway District respondents thought
the exercise would have been beneficial to visioning in their own district. Respondents thought
VESC was strong because it stimulated conversation. By seeding participants with example ideas,
participants were then able to think more creatively. In terms of meeting sustainability goals, presenting
vision elements that were already vetted as sustainable steered the conversation towards additional
ideas that were more likely to lead to sustainability outcomes.

VESC did have some flaws. For instance, despite the presence of native Spanish speakers on the
research team, the Spanish translations were not perfect, and some of the technical language should
have been better translated. Terminology in English could have been simplified, yet all language was
negotiated between project partners. More local examples of successful strategies could have inspired
further support from participants, and additional images of each vision element could have made the
options even more tangible. However, despite detailed research, few local examples of vision elements
existed. These illustrate clear concerns regarding VESC, but the solutions for improving the tool are
not simple.

There are some concerns regarding the evaluation of VESC, but the evaluation is transparent and
provides a discussion of the tool’s strengths and weaknesses. The evaluation describes the tool and
highlights the aspects to be replicated as well as aspects to improve upon. VESC is a tool that was
created through academic work. This study describes the intention, design process, implementation,
and outcome of the tool to support participatory researchers and planning professionals in utilizing
similar engagement tools to align public participation processes to the local context. We fully
acknowledge that there was no formal testing. As we are moving forward with VESC, it would
be important to include a formal pre/post test.

Misalignments between the public participation process and local context, like low sustainability
literacy of participating stakeholders, can undermine sustainability outcomes in public participation
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processes in urban development projects. Facilitation and deliberation tools can improve discussions
amongst members of the public. This study offers insights from which planners and experts can learn
when designing their own public participation activities and materials.
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Abstract: Frequent fire accidents pose a serious threat to human life and property. The spatio-temporal
features of China’s urban fires, and their drivers should be investigated. Based on the Spatio-temporal
Dynamic panel data Model (SDM), and using fire data gathered from 337 Chinese cities in 2000 to
2009, the influence of spatio-temporal factors on the frequency of urban fires was analyzed. The
results show that (1) the overall fire incidence of China increased annually before 2002 and reduced
significantly after 2003, and then high fire incidence increased in western China; (2) Spatio-temporal
factors play a significant role in the frequency of Chinese urban fires; specifically, the fire assimilation
effect, fire inertia effect and fire caution effect. The ratio of fire incidence of China has reduced
significantly, and the focus of fire incidence moved towards the western region of China. GDP and
humidity have a significant effect on urban fire situation change in China, and these effects may be
referred to as “fire assimilation effects”, “fire inertia effects” and “fire caution effects”.

Keywords: urban fire; spatio-temporal features; SDM, humidity; GDP; the fire assimilation effect;
fire inertia effect; fire caution effect

1. Introduction

The process of urbanization and industrialization has undergone rapid growth, leading to changes
in fuel amounts, composition, and its configuration [1]. In addition to the change of land use and
management activities, cities have become a highly-possible location for fire occurrence. According to
statistics, on average more than 500 daily fire accidents occurred in China from 2000 to 2009. Frequent
fire accidents pose a serious threat to human life and property. Fires can be classified into forest
fires, grass fires, residential fires, building fires, industrial fires and mine fires based on the places
where they occur. This paper focuses on the last four types listed above. The fuels, an ignition
source, and sufficiently dry weather are the essential conditions of fire occurrence [2,3], whose relative
importance at different scales can be difficult to quantify [4]. At landscape scale, the determinants
are fuel, weather, human activities and topography [5–9]. At regional scale, climate variability and
vegetation distribution are the more sensitive drivers of fire [10,11].

Urban areas belong to the landscape scale. Urban fire patterns are mainly influenced by the
distribution of fuels, weather conditions (temperature and humidity) [12], and topography [13,14].
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Human activities have a close relationship with the factors above. Humans can have both positive
and negative effects on fire. Fuels provide the raw material acted on by fire. Cities are major spaces
where substantial wealth is increasingly accumulated by rapid social and economic development [15].
On the one hand, with more and more fuels being used in urban construction and consumption
of electricity and fire, there is a potentially high agglomeration of ignition source. On the other
hand, social economic growth also promotes the development of firefighting facilities and flame
retardant materials [16]. Higher human population density often increases ignition sources, whereas
fire prevention activities tend to decrease fire occurrence [17,18]. All the factors abovementioned
will undoubtedly impose significant influence on the occurrence of urban fires. Research analysis
shows a significant relationship between the level of regional economic development and the rate
of fire accidents However, different analysis result may be drawn from the variety of studies that
have examined the economic development level. For example, Duncanson et al. found that fire
accidents tended to decrease with increasing economic development [19]. The Australian research
bureau of fire protection showed that an economic downturn coupled with imperfect firefighting
equipment increased the fire risk [20]. In Smith et al.’s analysis, fire risk was shown to be relatively
high in single-parent households and in households where the households members are unemployed,
according to the research into fire accidents in Britain from 2002 to 2004 [21]. However, historical fire
accident data in China before the year 2000 and after showed that the frequency of fires increases with
economic development, except for Shanghai [22].

The relative importance of various drivers of fire activity can vary depending on the scale at which
they are measured and the scale of analysis [23]. It is known that a warmer climate will increase fire
activity at regional [24] to global scales [25]. At local scale, seasonality and meteorological conditions
(temperature, humidity, wind speed and potential fuels) are more relevant. Material space morphology
leads to microclimate change, evidenced by the heat island effect increasing the temperature and
decreasing the humidity [26] of urban areas. Architectural form [27] in cities will also affect the local
weather conditions in terms of wind orientation and speed. In the Western Amazon, drought intensity
was the most important predictor of fire occurrence in local scale [24]. In Queensland, Australia, a high
fire occurrence rate is related to high temperature [28]. Gunther found that, because there are few fixed
heating systems in the rural parts of South America, the death rate from fires increased on cold days
owing to the risks from using other types of heating [29]. Moreover, poverty makes this problem even
worse. In the two largest cities in Indonesia—Jakarta and Surabaya—the number of fire accidents each
month is affected by a change in climate, with fires occurring more frequently in the arid season; with,
in Surabaya in particular, the number of fires decreasing with increasing humidity, while the number
of fires increasing significantly when the humidity is less than 70% or when the rainfall measures less
than 6 mm [30]. Similarly in China, a change in climate and humidity has a significant impact on the
frequency of fires. Therefore, meteorological factors are closely related to fire occurrence. Climate
and humidity have the largest influence on fire [31]. Specifically, a more arid climate increases the fire
incidence rate while a more humid climate decreases the rate.

Climate change and socio-economic development have significant temporal and spatial
characteristics; hence the incidence of fires is also associated with temporal and spatial
characteristics [12,14,32,33]. Recent studies have focused on the spatio-temporal analysis of grassland
and forest fires [34], and natural disasters [35]. A few researchers have tried to describe the geographical
characteristics of urban fires. Jennings pointed out the geographical factors of fire accident analysis, and
realized the spatial problems are related to fire accidents and the building environment. He argued that
both the population and buildings are distributed along a certain density gradient; therefore, the rate
of fire accidents is unevenly distributed [36]. Corcoran et al. analyzed the temporal and spatial change
based on temporal and spatial exploratory analysis by using Queensland as an example [28]. Chang
adopted the Spatial Lag Model (SLM) and the Spatial Error Correction Model (SEM) to analyze the
relationship between the fire incidence rate and spatial factors, using Tainan City as an example [37].

156



Sustainability 2015, 7, 9734–9752

In general, although progress has been made in related research on urban fires, there are still gaps.
Firstly, the research above has examined either economic factors or climatic factors. However, urban
fires are affected by both socio-economic and climatic factors, and the occurrence of fires seems to
be random and uncertain. With rapid economic development and global climate change, academic
research must take into consideration the compounding effects of both economic development and
climate change on urban fire accidents. Secondly, most of the existing research on the influential effects
of temporal and spatial factors on urban fires is based on exploratory analyses of some certain cities
or regions, while little spatial econometric analysis has been carried out on the impact of large-scale
temporal and spatial factors on urban fires. Thirdly, by using older data, the current situation regarding
urban fires has not been addressed. In this study, we gathered urban fire accident data relating to
China in the years 2000 to 2009, and used the Spatio-temporal Dynamic panel data Model (SDM) to
demonstrate the effects of spatio-temporal factors on urban fire occurrences under the influence of
rapid economic development and climate change. The fire accidents mentioned below all refer to
urban fires.

This paper identifies the fire incidence and its change to represent the fire situation and trend
in different cities and regions. (Data set of climate data annual value from China Macao and Taiwan
region are missing). The statist China Meteorological Administration website shows the average annual
temperature and relative humidity from 2000 to 2009 from 188 meteorological stations. By Kriging
interpolation, the raster maps of national annual average temperature and relative humidity are
formed and then Zonal statistics available for each unit on the annual average relative humidity. The
ArcGIS10.1 spatial analysis tools are utilized of Kriging interpolation and Zonal Statistics in this study.
According to the common interpolation Kriging value, the average standard deviation of prediction
result error of each year is less than 0.01 and the root-mean-square standard prediction deviation
ranges between 1 ± 0.1.

2. Study Area and Data

The study is aimed at 337 Chinese prefecture-level (at least) administrative units (data of only
Haikou and Sanya of Hainan province are presented but the data of Zhongwei of Ningxia province
and Hong kong, Macao and Taiwan region are missing). The statistics on urban fires are obtained from
Statistic Yearbook of Fire in China (2001 to 2010). The statistics on consensus and GDP per capita are
derived from Statistic Yearbook of Regional Economy in China (2001 to 2010).

One of our objectives was to study the influence of economic development on the macro-statistical
characteristics of the urban fire rate in China, with GDP per capita as the representative index. The
change in GDP per capita reflects the basic macro-economic situation in one country or region and is
highly related to education, investment, household income, etc. Existing research showed that climate
and humidity had the largest influence [23,29–31], so we chose to principally study the influence of
climate and humidity on urban fire, selecting average air temperature and humidity as the index
of climate change. The number of fire accidents represents an important index which demonstrates
severity. The occurrence index (the number of fire accidents among 1 million people) was chosen to
represent the severity of fire occurrence in different areas and cities.

According to the “Meteorological annual data set from the China international exchange station
ground”, the grid’s profile of national average air temperature and humidity could be generated
through Kriging interpolation after capturing the annual average humidity in 188 meteorological
stations from 2000 to 2009. Furthermore, the annual average relative humidity per unit can be
calculated by using zonal statistics. This paper adopts spatial analytical tools to perform Kriging
interpolation and calculate zonal statistics. The standardized mean of interpolation result forecasting
error is less than 0.01 and the root-mean-square standardized is 1 ± 0.1; therefore it is a precise method.
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3. Methods

3.1. Spatial Autocorrelation Model (Moran’s I Model)

Tobler (1970) put forward the First Law of Geography that any object is related to other objects
with special consideration of distance, which shows the more closely located the objects, the stronger
correlation exists between them [38]. It is called spatial autocorrelation which can be measured by
Moran’s I index. When the observation values are similar within a certain distance (d), the Moran’s I is
positive in significant level (p-value less than 0.1), otherwise it is negative. If the observation values
are arranged randomly, the Moran’s I is zero. Moran’s I can be classified into Global Moran’s I (GMI)
and Locan Moran’s I (LMI). GMI is used to judge the spatial agglomeration degree of China’s urban
fires, and LMI is used to explore the spatial distribution of the “hot spots” and “cold spots”. Due to
the possible local spatial autocorrelation observations existing in the overall spatial random sample
distribution, GMI and LMI are both applied in this paper to analyze the agglomeration features of the
urban fires. GMI refers to:

I =
n
S0

n
∑

i=1

n
∑

j=1
wij(xi − x)(xj − x)zj

n
∑

i=1
(xi − x)2

(1)

in which n is the total number of the sample, wij is spatial weight matrix (n × n), xi and xj are
respectively the fire occurrence rates in places of i and j. x is the average value, and So is the sum of all
its elements. LMI is defined as:

Ii = ∑ wijZiZj (2)

in which Zi and Zj are the standardized values of fire occurrence rate. When Ii and Zi are both positive
at a significant level (p-value less than 0.05), it means that the fire occurrence rate in place i and the
units nearby are high. It is termed as High Concentration Area (HH); by contrast, while Ii and Zi
are negative, it shows that the fire occurrence rate in place i and its neighboring units are low which
are called Low Concentration Area (LL). If Ii is positive and Zi is negative, it means that the fire
occurrence rate of place i is higher than that of the neighboring units, which are referred to High Low
Concentration Area (HL). While if Ii is negative and Zi is positive, the fire occurrence rate of place i is
lower than that of the units nearby, which are termed as Low High Concentration Area (LH).

3.2. Selecting Incident-Inducing Factors of Fire Accidents

The starting point in the Granger causality test of judgment was to examine whether the prophase
information of X contributed to the decrease of MSE (Mean Square Error) of Y [39]. Moreover, this
paper compared the MSE value with that when not using prophase information of X. If there is no
change in MSE value, X has no influence on Y under the Granger causality test, or “Y is not caused
by X Granger”. On the contrary, there is causality under Granger, or “X is the Granger reason of Y”.
Gao describes specific methods [40].

The annual average temperature and average relative humidity between the years 2000 and 2009
were recorded based on those of 188 China International Exchange Ground Stations (Figure 1).
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Figure 1. Annual average temperature and annual average relative humidity of China, 2000 to 2009.

Assuming all the disaster-inducing factors (GDP per capita, annual average relative humidity,
annual average temperature) are not the Granger cause of the fire occurrence situation, the Granger
causality test examines whether the chosen disaster-inducing factors really cause the change in fire
occurrence (Table 1).

Table 1. Granger causality test results of fire rate and other factors of China.

Lags Null Hypotheses F Stat. Prob. Conclusions

1
H is not the Granger cause of F 9.42 0.01 rejected
T is not the Granger cause of F 0.73 0.41 accepted
G is not the Granger cause of F 9.45 0.00 rejected

2
H is not the Granger cause of F 2.39 0.16 accepted
T is not the Granger cause of F 0.73 0.52 accepted
G is not the Granger cause of F 2.57 0.15 accepted

Note: H, T, G, F represent the logarithmic values of the annual average relative humidity, annual average
temperature, GDP per capita, and fire rate, respectively.

When the lag is 1, H and G are both the Granger cause of F, but T is not the Granger cause of
F; when the lag is 2, H, T and G are not the Granger cause of F. This means that the annual average
relative humidity and GDP per capita are the Granger causes of fire rate; moreover, they also have a
significant influence on the fire rate one year later. However, the annual average temperature does
not significantly influence the fire rate. Therefore, the annual average relative humidity and GDP per
capita can be considered to be incident-inducing factors. This paper only considers annual average
relative humidity as the characteristic factor of climate change, and uses GDP per capita to represent
economic development and the fire occurrence rate to represent the change in urban fires.

3.3. Fire-GDP-Humidity Model (FGHM)

C.W. Cobb and Paul H. Douglas put forward the Cobb-Douglas production function in the
1930s [39]. Labor L and investment K are explanatory variables, Y is the output, and the model is
shown below:

Y = AKαLβeu (3)

As mentioned in Section 3.2, the fire situation and trend has a strong correlation with GDP
and humidity. Assuming GDP per capita and annual average relative humidity as inputs, and fire
occurrence rate as output, according to the Cobb-Douglas production function, the fire input-output
model is:

F = AGβ Hγeu (4)
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where G is GDP per capita, H is annual average relative humidity, F is fire occurrence rate, β,γ are the
elasticity of the economic and climate factors.

This model is based on the panel data model through logarithmic transformation:

ln(Fit) = α + αi + β ln(Git) + γ ln(Hit) + uit (5)

where α is the average intercept value of each section, αi is the deviation value that each section
deviates from the average α, μi is the residual value of each section, Fit is the fire occurrence rate of
unit i in the t phase, Git is GDP per capita (thousand yuan) of unit i in the t phase, Hit is the annual
average humidity of unit i in the t phase.

3.4. Co-Integration Test of Each Index in FGHM

In order to avoid spurious regression [40], we used the co-integration test of ln (F), ln(G) and
ln(H).

The Pedroni (Engle-Granger based) method, Kao (Engle-Granger based) method and Fisher
(combined Johansen) method were used to perform the test. The trace test and Max-Eigen test both
rejected the null hypothesis at a 1% significance level. There is a co-integration relationship among the
variables and there are three co-integration vectors.

After examining the above three test methods, the results show a co-integration relationship
among ln(F), ln(G), and ln(H). There is a long-term equilibrium relationship among economic
development, climate change and fire situation change in urban China between 2000 and 2009. In the
short term, the fire situation may deviate from average value, and it will return to the equilibrium
situation determined by the economic development level and climate situation as time goes by.
Therefore, it is feasible to build a regression function based on the three variables and the FGHM
model is efficient.

3.5. The Fire-Space Dynamic Model

The autocorrelation of a temporal series must be considered when analyzing natural environment
and socio-economic problems. The values before and after some points are correlated, which reflects
the regularity of temporal series. The spatial panel data model combines both the cross-section and time
series panel data. This model is widely used because it takes into consideration both variables’ regional
difference and time influence and avoids the multi-collinearity towing to the missing independent
variables. The SDM is one of the spatial panel data models that has been developed recently, and it can
reflect the dynamic change of research sample both in space and time. It not only considers the spatial
lag of explained variables, but also considers the time lag and spatial time united lag. Thus, this model
has more explanatory strength [41].

The basic form of SDM is as follows:

Ynt = λ0WnYnt + γ0Yn,t−p + ϕ0WnYn,t−p + Xntβn + cn + εn (6)

where Yn is the dependent variable, Xn, βn is the cross-section explanatory variable k-dimensional
vector and k-dimensional parameter corresponding to i = 1, 2, . . . , N. Wn is the spatial weight matrix,
cn is the intercept, εn is the random error vector, Yn,t-p is the time lag p-order time lag, λ0, γ0, ϕ0 is the
parameter of spatial lag, time lag and spatial and time united lag.

The FGHM does not consider the spatial correlation of the fire situation. The fire occurrence
rate of cities tended to increase from 2000 to 2002 and started to decline from 2002 to 2009. The same
trend is reflected from the autocorrelation Moran index (Figure 2). Each year’s Z(I) value is larger
than 1.96 and illustrates the significant autocorrelation of the fire occurrence rate each year. The fire
occurrence rate in mainland China has significant spatial accumulative features. Regions with a high
fire occurrence rate are located near regions with a high fire occurrence rate; similarly, regions with a
low fire occurrence rate are located near areas with a low fire occurrence rate.
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Figure 2. Fire rate and global Moran Index from 2000 to 2009.

Given that the fire distribution has spatial accumulative features, the spatial autocorrelation of fire
should be considered in the analysis. The effect of spatial factors on the change in the fire occurrence
rate is very important because there are imitative, competitive and cooperative behaviors in terms of
the productive level, living standard and fire safety management of the surrounding regions. Moreover,
the fire analysis should also consider the dynamic effect of time considering that the fire situation
change is continuous and gradual. Therefore, the fire SDM (FSDM) is constructed after an extension of
the FGHM based on the SDM:

ln(Fit) = α + αi + β1 ln(Git) + β2 ln(Hit) + β3 ln((It ⊗WN)Fit) + β4 ln(Fi,t−1) + β5 ln((It ⊗WN)Fi,t−1) + μi (7)

where α is the average intercept value of each section, αi is the deviation value between the intercept
of each section and average value of α. μi is the residual value of each section, Fit is the fire occurrence
rate of section i of the t phase (number/ million people), Git is the GDP per capita (thousand yuan) of
section i of the t phase, Hit is the annual relative humidity(%), It is the unit matrix, WN is the spatial
weight matrix, β1, β2, β3, β4, β5 is the spatial lag parameter, time lag parameter, spatial and time united
lag parameter of the fire occurrence rate.

If adopting the spatial weight based on adjacency relation, the spatial lag variable is the average

value of K surrounding regions, that is Fit′ = (It ⊗ WN)Fit =
1
k

k
∑

i=1
Fit, Fit′ is the average fire occurrence

value of K surrounding areas in unit i of the t phase. Then FSDM can be simplified as follows:

ln(Fit) = α + αi + β1 ln(Git) + β2 ln(Hit) + β3 ln(Fit′) + β4 ln(Fi,t−1) + β5 ln(Fi,t−1′) + μi (8)

where Fit′ represents the 1-order spatial lag parameter of the fire occurrence rate, Fi,t−1, is the 1-order
time lag parameter of the fire occurrence rate, Fi,t−1′ refers to the 1-order time and spatial unit lag
parameter of the fire occurrence rate.

The FSDM is as follows based on the estimation of EVIEWS6.0:

ln(Fit) = 4.63 + αi − 0.15 ln(Git)− 0.99 ln(Hit) + 0.57 ln(Fit′) + +0.54 ln(Fi,t−1)− 0.20 ln(Fi,t−1′) + μi (9)

The fit of the model is good. All the parameters pass the 1% significance level test. The goodness
of fit of this model is 0.94. The adjusted RR reaches to 0.93 and natural logarithm of the likelihood
value is −4545.30. All these values illustrate that the model has a high degree of fitting.

4. Result Analysis

4.1. The Spatio-Temporal Features of China Fires

In Equation (1), the GMI result of urban fires each year indicated by Figure 2 shows that Z(I) is
more than 1.96 each year. Residuals are examined by spatial autocorrelation, achieving the significant
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result of their Moran’s I less than 0.05 in average in 2003, 2004 and 2009 while insignificant during
other years by contrast [42–44]. It illustrates the significant autocorrelation of the fire occurrence rate
each year.

Table 2. The statistical tests of the post-fit residuals.

2001 2002 2003 2004 2005 2006 2007 2008 2009

Moran’I −0.02 0 0.07 0.03 0 −0.01 −0.02 −0.01 −0.04
Z −1.44 0.17 4.99 ** 2.32 * 0.47 −0.58 −0.97 −0.2 −2.38 *

* and ** represent significant difference at a level of 0.05 and 0.01, respectively.

GIM increased from 0.23 to 0.36 from 2000 to 2002, which represents the higher level of spatial
agglomeration of China fires occurrence rate. The following decreasing trend shows the lower level of
its spatial agglomeration, taking on the dispersion trend instead. The trend of fire spatial agglomeration
is consistent with that of the overall fire occurrence rate of China (Figure 2). Since then governments
of all levels have enhanced the fire safety management and its investment, thus decreasing the fire
occurrence rate.

LMI index in Equation (2) indicates the fire agglomeration features of some local areas (seen in
Figure 3). There are significant fire spatial agglomeration phenomenon in local China. Each year the
HH units are mainly distributed in northeast, central-north part and Xinjiang province of China. In
early periods, they also gather in Bohai Rim and Yantze River Delta, which are the important areas for
fire prevention and protection. LL units mainly spread in southwest part of China with low level of fire
occurrence rate due to the local warm and humid climate yet underdeveloped economy. As for LH and
HL units, the spatial correlation is not that obvious with little distribution for each year. Table 3 shows
the number of cities for each type of area. During the period from 2000 to 2009, the number of HH
units gradually declined year by year. The urban spatial agglomeration of high fire occurrence rate has
become weaker and tended to be randomly distributed with decentralization. LL units experienced
oscillating declines in amount and totally disappeared after 2007. The spatial agglomeration of low
fire occurrence rate took on a random and dispersed distribution. After 2007, the adoption of a related
national policy contributed to the constant decreasing fire occurrence rate, evidenced by the following
regulations. In 2006, the State Council issued The State Council Opinion on Further Strengthening.
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Figure 3. The analysis result on fire occurrence rate local autocorrelation of 2000 to 2009.

The Work of Fire (Guo Fa [2006] No.15), depending on which governments of all levels and
public security fire departments launched a nationwide investigation and remediation of fire hazards,
further enhancing the fire supervision and management. The Ministry of Public Security, the National
Development and Reform Commission and the Ministry of Finance jointly issued the “The 3rd-Phase
Promotion Planning of Fire Fighting Equipment” on 29 May 2007, in which a decision was made
that from 2007 to 2010, with the total investment of 931.3 million yuan mainly subsidized by central
government and partially supported by local government, 120 public security fire secret squadrons
would be established in China’s main cities and areas, gradually improving the fire aid system and
enhancing the capacity to withstand major disasters and accidents. All these measures have effectively
curbed the fire occurrence, providing guarantee for social steady and harmonious development.
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Table 3. The units number of each type of local autocorrelation, 2000 to 2009.

Year HH HL LH LL

2000 47 6 4 33
2001 43 5 4 52
2002 43 3 3 49
2003 40 7 3 24
2004 40 4 4 32
2005 41 7 4 13
2006 35 8 2 15
2007 18 5 1 0
2008 21 3 1 0
2009 17 2 1 0

Figure 4. The classification of fire occurrence rate time series trend.

To apply the method of “Three Points Moving Average Algorithm” in calculating the correlation
coefficient Pearson(r, t) from 2000 to 2009, of which r refers to the fire change rate and t for time. The
result that Pearson(r, t) less than −0.5 represents the negative correlation between t and r, i.e., the fire
occurrence rate taking on the declining trend with the time passing by; by contrast, if Pearson(r, t) is over
0.5, the correlation between t and r is positive, which means the fire occurrence rate is increasing year by
year. As for the units, we use t as the independent variable and r as the dependent variable to calculate
the slope(r, t), which reflects the degree or speed of r. According to the calculation results, the cities
around the nation can be classified into three types: Improved areas: Pearson(r, t) < −0.5, decreasing
fire occurrence rate. The higher slope(r, t) absolute value shows the accelerated improvement trend;
Worsened areas: Pearson(r, t) >0.5, increasing fire occurrence rate. The higher slope(r, t) absolute value
means the faster deterioration trend; Fluctuated areas: −0.5 ≤ Pearson(r, t) ≤ 0.5, fluctuations or no
significant features in fire occurrence rates (Figure 4).

There are in total 186 cities with improved areas, mainly distributed in the northeast, northern,
eastern, southern part of China. In recent years, the fire occurrence rate has gradually declined,
especially in northeast China. The area has a relatively developed economy and has achieved
remarkable results in fire disaster prevention and reduction within the sound development cycle.

There are in all 74 cities that have worsened areas, mainly distributed in the west of
Heihe-Tengchong Line, as well as Shaanxi and Hubei provinces. The urban fire occurrence rate
increased relatively quickly influenced by development. Economic development has been promoted
later in this area, however, fire safety has not developed at the same rate, thus leading to the higher
fire occurrence rate.

There are 77 cities in total in the fluctuation area, distributed in southwest China. The area can be
described in terms of the following three situations: firstly, the fire occurrence rate initially trended
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upwards and then downwards, i.e., the fire occurrence rate worsened during the early stages and then
improved more recently; secondly, the fire occurrence rate declined at first and then increased, i.e., the
fire occurrence rate demonstrated a sound trend but later worsened; thirdly, the fire occurrence rate
continually fluctuated. These units are expected to further enhance fire supervision and management
in the future to prevent a worsening trend and are expected to achieve gradual improvements.

4.2. The Influence of GDP and Humidity

The distribution of the average fire rate from 2000 to 2009 is shown in Figure 2. The urban fire
occurrence rate distribution in China shows a high occurrence rate in the north and a low rate in
the south; the eastern area also has a higher occurrence rate than the western area (Figure 5a). This
is in accordance with the regional climate conditions and the regional economic development level
on a whole. In China, the southern area is warm and wet while the northern area is cold and dry
(Figure 5c,d). The eastern area is well developed and the western area is less developed (Figure 5b).

Figure 5. The average fire rate, temperature, GDP per capita and relative humidity of China, 2000
to 2009.

(1) The influence of GDP on the fire situation. The parameter of economic factor (β1) is negative.
This indicates that economic development helped to improve the fire situation in general. This is
consistent with research from other countries. However, we obtained different results after analysis
because we chose data from the late 1990s to early 2000. During this important period of economic
transformation, there was a lack of firefighting investment in each city. The cost of firefighting
equipment was very high and the numbers of those fighting the fires was relatively small. The
fire safety level and ability to respond to emergencies was affected by a lack of public firefighting
facilities. Therefore, the fire risk and fire occurrence rate increased prior to 2002. After 2003, all levels
of government increased their fire safety management, investment and prevention, and strengthened
their fire response capability. The fire occurrence rate decreased with rapid economic development.
From 2000 to 2009, economic development reduced the fire occurrence rate. A 1% increase in GDP per
capita led to a 0.15% decrease in the annual average fire occurrence rate.

On the one hand, according to our analysis results, economic development led to an increase in
fire occurrences, and the accumulation of people and goods associated with economic development
increased the likelihood of fire accidents. This is not good for fire prevention and control. On the other
hand, our results showed that economic development also has an inhibitory effect on fire occurrences
as economic growth can increase fire safety investment and strengthen fire prevention and control,
and improve fire safety at a management level. Therefore, economic development has a dual effect on
the fire situation. There are different results for different economic development periods in different
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regions; this has been illustrated by a historical analysis undertaken by Liang and Ren [45]. The
Chinese government first introduced the “Fire Statistic Management Rule” (implemented in 1990) in
1989, and this ruling was revised in 1996 (implemented in 1997); this explains the statistical standard
change during this period and why the fire occurrence rate fluctuated sharply between 1990 and 1997,
as shown in Figure 6.

Figure 6. Per capita GDP and fire rate of China, 1980 to 2009.

(2) The influence of humidity change on fire situation change. The “National Climate Change
Assessment Report I: the History and Future Trend of Chinese Climate Change” pointed out that China
has the same pattern of climate change as other regions in the world, and, on average, the climate is
warmer and drier than that in Northern hemisphere regions or other parts of the world [46]. Xu et al.
proposed that there will be a visible warming/drying pattern in most Chinese regions in the future
(2011 to 2080) [47]. Figure 4 also illustrates the significantly arid climate in 2000 and 2009.

The parameter of the climate factor (β2) in the FSDM is negative; this means that a drier climate
has a negative effect on the fire situation. Because combustible matter exists in the atmosphere, it
exchanges energy and material and keeps in water equilibrium with the surrounding environment.
When a combustible is burned, the water will first parch and then evaporate and decompose into
combustible gas. Therefore, the drier the climate, the lower the water content, as well the lower the
fire-burning energy, or latent heat of evaporation, the higher the fire risk. Considering only the effect
of the humidity factor on fire, a 1% decrease in the annual average relative humidity can lead to a
0.99% increase in the national average fire occurrence rate.

Figure 4 shows the decreasing trend of the overall fire occurrence rate in China; the change in rate
was the combined result of economic development and climate change. Although the warming/drying
trend in China had a negative effect on the fire situation, economic growth reversed this trend and
improved the overall fire situation in China after 2003. Given that the sensitivity (β2 = 0.99) of the fire
occurrence rate to the annual average relative humidity change was greater than that of the GDP (β1
= 0.15), the Chinese government has made progress in facing the challenge of the negative effect of
climate change on urban fires. As the climate becomes drier, the fire prevention and control challenge
becomes much greater. Therefore, it is necessary to increase the investment in fire safety and prepare a
contingency plan in order to reduce the fire occurrence rate.

4.3. The Spatio-Temporal Regulation of China’s Urban Fires

(1) Fire assimilation effect. The fire assimilation effect refers to the process whereby people’s
attitude and behavior gradually moves toward the attitude and behavior of a reference population or
people. It is an unconscious adjustment of individuals, who are imperceptibly influenced by the outside
environment. In neighboring cities, people have similar living habits and the fire risk situation is
broadly similar. There may be comparative and imitative behavior patterns that should be considered
when managing and investing in fire safety. The fire situation in one region is affected by that in the

166



Sustainability 2015, 7, 9734–9752

neighboring region. This is called the “fire assimilation effect”. The spatial lag parameter (β3) in the
FSDM can be viewed as the fire assimilation effect; the larger the absolute value of β3, the stronger the
fire assimilation effect, and vice versa.

The spatial lag parameter (β3) is positive and significant at a 99% confidence interval. This means
that the fire situation has a significant assimilation effect. The fire situation in certain regions is not only
affected by factors in these particular regions by self-factors, but also influenced by the fire situation in
neighboring regions. An improvement or deterioration in the fire situation can lead to an improvement
or deterioration in neighboring regions. The estimated value of the spatial lag parameter (β3) is 0.57;
this means that a 1% increase in the fire occurrence rate in neighboring regions will lead to a 0.57%
increase in the occurrence rate for local region.

This result suggests that, owing to the fire assimilation effect, there needs to be improved
cooperation between regions in order to reduce the rate of fire occurrences. Fire safety administration
departments should take joint actions and communicate with each other regarding decisions about
policies, planning, the provision of equipment, and the management and supervision of the firefighting
itself. All such departments are encouraged to learn from and compete with each other in order to
improve the level of fire safety. Furthermore, the department in charge can provide demonstrations on
fire disaster prevention and control that encourage surrounding regions to improve their own levels of
fire safety.

(2) Fire inertia effect. Plenty of economic magnitudes experience economic behavior inertia in
socio-economic activities. Research shows that the fire system is linked to previous events in history
and fire disasters have a structural continuity from the past to the present and from the present to the
future [48]. This is called “fire inertia”. The fire inertia effect refers to the fire situation trend of being
consistent with the previous change trend, and there is a logical relationship between the fire situation
at one time point and the fire situation at an earlier time point. The fire situation and its change
experience inertia in two surrounding areas on account of similar living habits, fire safety management
measures and socio-economic production behavior. Therefore, regions where fire accidents occur
frequently in an earlier period will be most likely to suffer a fire accident in the future. Regions where
the fire situation is improved in the early days will continue to improve in the future. The time lag
parameter (β4) in the FSDM represents the fire inertia effect. The larger the absolute value of β4, the
larger the fire inertia effect, and vice versa.

The time lag parameter (β4) is positive and significant at a 99% confidence interval. This means
that the fire inertia effect is significant based on fire disaster data in China. The estimated value of the
time lag parameter (β4) is 0.54, which indicates that a 1% decrease in the previous fire occurrence rate
will lead to a 0.54% decrease in the current fire occurrence rate. The parameter of the fire inertia effect
(β4 = 0.54) and the assimilation effect (β3 = 0.57) are roughly the same and reflect the similar positive
effect of both the internal (fire inertia effect) and external (fire assimilation effect) factors on the fire
situation in one region.

This result suggests that the fire inertia effect should be fully utilized. Specifically, for regions that
have a fire deterioration trend, the relevant departments should increase the safety investment in large
fire prevention and control and also strengthen the management of fire safety in order to eliminate
the fire inertia effect; these actions would help to reverse the fire deterioration trend. In those areas
where the fire situation is improving gradually, the relevant departments should continue their current
fire safety management and continue to invest in fire safety activities. They, too, should use the fire
inertia effect to further improve the fire situation. Nowadays, the fire situation is improving gradually
in China’s eastern areas. However, the middle and western regions still have terrible fire situations
resulting from poor economic development and a low level of firefighting investment. Relevant
departments should publicize their effective practical experiences to the middle and western regions
and increase their firefighting investment in order to reduce the fire inertia effect.

(3) Fire caution effect. Previous cases of fire in one area will alarm surrounding areas, and the
administrative department tends to prevent any similar incidents by engaging in a safety investigation
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and examining fire risks. These measures decrease the fire risk; this is called the “fire caution effect”.
The spatial and time-united lag parameter (β5) in the FSDM illustrates this effect; the larger the absolute
value of β5, the more significant the fire caution effect, and vice versa.

The spatial and time-united lag parameter (β5) is negative and significant at a 99% confidence
interval; this illustrates that fire accidents in China have a significant caution effect. Previous fire
accidents in one region will alarm the surrounding area and reduce the fire occurrence rate in the
surrounding area. A 1% increase in previous fire accidents in one area will cause a 0.20% decrease in
fire accidents in the surrounding region. This result suggests that related departments can learn from
fire accidents in the surrounding area, and can investigate and eliminate fire risk based on the fire
caution effect.

There are differences and connections between the fire caution effect and the fire assimilation
effect. The fire assimilation effect analyzes the spatial section at a specific time point and reflects the
fire spatial autocorrelation; the fire inertia effect analyzes the time series of fire and demonstrates the
time connection in some regions; the fire caution effect combines the assimilation effect and the inertia
effect and analyzes the time series as well as the spatial section.

However, the fire caution effect is only a remedial strategy because the parameter of this effect
(β5 = −0.20) is obviously lower than that of the fire assimilation (β3 = 0.57) and inertia effects (β4 =
0.54). Therefore, strengthening the management of fire safety and regional cooperation are key points
in improving the fire situation.

5. Conclusions and Discussion

Fire situation change results from a combination of economic development and climate change.
The response sensitivity of fire situations to climate change is higher than the sensitivity to economic
development. A 1% increase in GDP per capita will lead to a 0.15% decrease in the average fire
occurrence rate in China; however, a 1% decrease in the annual average humidity will lead to a 0.99%
increase in the average fire occurrence rate in China. As the future climate will be drier, this will
present further challenges and put pressure on preventing and reducing fire accidents. Society must
pay close attention to the effect of drier climates on fire situations and increase the safety investment in
preventing conflagrations.

The urban fire situation in China experiences significant spatial effects, which may be referred to
as “fire assimilation effects”, “fire inertia effects” and “fire caution effects”. With the fire assimilation
effect, the improvement or deterioration of a fire situation in a surrounding area will bring about an
improvement or deterioration of a fire situation in a local area. The fire inertia effect demonstrates that
regions where fire accidents occur frequently previously are most likely to suffer from fire accidents in
the future. Regions where the fire situation is improved early on will continue to improve in the future.
With the fire caution effect, previous fires that occurred in adjoining areas will have a cautionary effect
on the local area and reduce the fire rate in those areas. Fire safety administration departments should
take full advantage of these effects and take active measures to improve fire situations.

This paper also has some shortcuts. Considering the data availability and the objective of
microanalysis of fire change, this paper only included GDP per capita as the representative indicator
of economic development. However, macroeconomic factors such as the economic system, industry
structure, education level and income level may also have an influence on the frequency of urban
fires. Further research should continue to analyze the influence of the aforementioned factors so that
research-led policy may be adopted by government. Otherwise, the degree of spatial autocorrelation
of variables depends on the size of spatial particles and zone design methods. However, there is no
determined function relationship between the change of spatial units and the autocorrelation. So, how
to choose the appropriate size of geographical unit particles and zone design are very important in the
research of spatial autocorrelation [49]. It should be studied further.
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Abstract: This study describes a new assessment model framework, termed the driving
forces-pressure-state-impact-policy and pattern (DPSIP) model, for environmental change efficiency
in urban land development, based on urban sustainable development and the theory of economic
efficiency evaluation. A spatial and measurable efficiency value is defined for environmental changes
in urban land development, which provides a comprehensive evaluation index for the efficiency
of urban development and its environmental impact. This type of urban interior sustainability is
considered new within the context of global environmental changes. We identify nine important
indicators to evaluate the relative efficiency of 233 neighborhoods in Tainan, Taiwan. The results
indicate that the average environmental change efficiency is 89.44%, which shows clear spatial
differentiation. The key indicators affecting the efficiency score are area, population density, location,
mixed land uses, the floor area ratio, and the impervious ratio. In the future, urban design can reduce
environmental impacts and enhance efficiency values.

Keywords: urban land development; natural environmental impact; driving forces-pressure-
state-impact-policy and pattern (DPSIP)

1. Introduction

Due to urbanization, the size of urban areas and urban populations have been increasing rapidly
and continuously worldwide. According to the 2014 Revision of World Urbanization Prospects [1], the
urban population is projected to increase by 2.46 billion, an increase from 3.88 billion (54%) in 2014 to
6.34 billion (66%) in 2050. This projected increase in the urban population will create various demands,
and the resources necessary for daily life and production in cities are believed to be an important
driving force that will contribute to changes in urban land use [2–4]. Additional agricultural and rural
lands will be converted for urban development, resulting in an expanded urban landscape [5–7].

For many cities, changes in land use are required to meet the daily needs of residents and the
demands of economic development. The natural environment may suffer the most direct and serious
consequences of urbanization due to various interacting factors, such as the economy, society, and
culture [8–10]. Although changes in land use will affect the environment, they will also provide income,
employment, and other economic benefits to cities [11].

Based on the limited availability of land and natural resources and the irreversibility of the impacts
on the natural environment, Whitford et al. (2001) and De Koeijer et al. (2003) [12,13] have argued
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that environmental impacts, or the excessive use of resources, can be reduced; the impact of global
environmental change can be mitigated; and the efficiency of urban development can be improved by
considering changes in urban land use from the perspective of sustainable development. Assessing
the efficiency of economic and social development and their impact on the natural environment is an
important issue for researchers and urban planners. Urban development efficiency has traditionally
been considered an issue of economic efficiency based on economic theory [14]. Since the emergence of
sustainable development, urban development efficiency has become more environmentally oriented.
In 1990, Schaltegger and Sturm (1990) [15] introduced the concept of eco-efficiency, which represents
the ratio of the increased value of development to the increased environmental impact. In 1992, the
World Business Council for Sustainable Development (WBCSD) further defined this concept as the
ratio of economic value to its associated impact on environmental indicators. Eco-efficiency emphasizes
the integration of economic benefits and environmental impacts, and it thus attempts to effectively
combine several components: business units on a micro-scale or individual level; urban or regional
development planning and management on a larger spatial scale; and the macro-scale objective of
sustainable development [16–20].

Although scholars have increasingly used eco-efficiency to assess the relationship between the
economy and the environment, most studies focus on the observations of manufacturers [21–23] or
the industrial sector at the regional or national level [16,18,19,24,25]. Little effort has been devoted to
explicitly exploring and defining the eco-efficiency of urban land development. Therefore, the current
knowledge of how to integrate and estimate the impacts of urban land development on the natural
environment remains limited. A focus on the eco-efficiency of urban land development would lead to
further assessments of the corresponding development efficiency of each spatial unit in cities under the
threat of urbanization or urban sprawl. To address the research gap in relation to the environmental
impacts of urban land use change, we proposed a new systematic model framework, termed the
driving forces-pressure-state-impact-policy and pattern (DPSIP) model, to analyze and structure the
relationship between environmental impacts and developmental effectiveness in the process of urban
land development.

Additionally, we defined a measurable and detectable environmental change efficiency index
based on urban sustainable development and the theory of efficiency evaluation. This efficiency index
was used to analyze the influential factors of efficiency scores and to plan the strategies for efficiency
improvement with the DPSIP model. Environmental change efficiency was defined as the proportional
relationship between the input costs of environmental resources and the social and economic benefits
of urban development within the context of global environmental changes.

We considered the following factors to validate the applicability of the method proposed here
and to select the area for our empirical research: (a) urban development and its environmental impacts
on the environment; (b) the diversification of land use patterns; and (c) the relationship between
urban development strategies and improvements in efficiency. Based on these factors, Tainan City
was selected as the area for this study. Finally, we employed data envelopment analysis (DEA)
and geographically weighted regression (GWR) to design spatial development strategies to increase
efficiency by comparing efficiency distributions and urban development patterns.

2. Materials and Methods

2.1. Empirical Research Area

Tainan City is located in the southern coastal plain of Taiwan (120◦11′6.3′ ′ E, 22◦59′31.9′ ′ N)
(see Figure 1), covering an area of 175.65 km2. It is the oldest and currently the fourth largest city
in Taiwan, with a total population of 764,658 in 2007. The city is relatively flat, with no mountain
ranges or high elevations. Its urban development process is influenced by both several hundred years
of history and long-term natural factors as well as the interactions between the two. Tainan City is
divided into 233 neighborhoods and six administrative districts: Annan, Anping, East, North, South,
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and West Central. Tainan City has diversified and complicated types of land use. The largest land area
is used for agriculture (37.32%), followed by built-up areas (19.63%), miscellaneous purposes (14.88%),
transportation (11.20%), water conservation (8.63%), and public facilities (3.62%), indicating that
Tainan City still has a vast area of land available for development. Tainan City recently implemented
numerous strategies related to urban development, environmental protection and healthy development,
such as the Tainan Region Plan, a land flattening and reforestation program, a program for the
transformation of vacant lots and houses and the Tainan Healthy City Plan. These initiatives provide
a good opportunity to test whether the model proposed in this study can effectively assess the
relationship between urban land development and the environment.

Four basic principles were developed to select the spatial analysis units based on the objectives
of this study, the characteristics of study area, the quality of the data and the DEA theory, including
the significance of a standard measurement for efficiency assessment and the practical applicability
for urban planning, both of which reflect the development characteristics of the area for empirical
research and meet the restrictions on the number of units for evaluation and decision making. A total
of 233 neighborhoods in the smallest administrative region in Tainan City were considered the
decision-making units (DMUs) of analysis. The relative locations are shown in Figure 2.

Figure 1. Location of the research area.
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Figure 2. Relative locations of the decision-making units (DMUs).

2.2. The applicability of DPSIP in Assessing the Efficiency of Urban Land Development

Many recent studies have used the drivers-pressure-state-impact-response (DPSIR) model to
solve environmental problems and diagnostically evaluate sustainable development [26–28].

DPSIR is a common theoretical model and interdisciplinary tool used to provide and communicate
knowledge of the current state of the environment and causal factors regarding environmental issues.
Partially due to its simplicity as a framework, DPSIR arguably cannot account for the dynamics of
the system that it models or handle cause-consequence relationships. DPSIR has also shown itself
to be incompatible with the multiple perspectives required by human interaction in global ecology;
more-over, the framework can only assess one impact at a time, and it is difficult to apply to existing
or future policies [29–31].

To address these limitations and propose a suitable method for assessing the complex relationships
between urban land development, environmental change, and urban policy, we have enhanced and
modified the original DPSIR framework and suggest a new assessment model framework: DPSIP
(see Figure 3).
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Figure 3. The driving forces-pressure-state-impact-policy and pattern (DPSIP) framework applied to
environmental change efficiency.

The relationship between environmental impacts and developmental effectiveness in the
process of urban land development was analyzed and structured using this assessment framework.
The implications of the policies played a similar role and relationship to response (R) in the traditional
DPSIR system. However, the influence of urban management policies on the entire system of urban
development constituted the ultimate policy response for the entire system and, consequently, had an
impact in the early stages through the driving force and pressure components.

In contrast to the input and output factors of spatial units for environmental change efficiency
within the city, urban development policies and patterns are citywide and represent an external
environmental variable. As factors affecting the efficiency of environmental change, urban development
policies and patterns develop in the early stages and have high degrees of stability.

Overall, the basic concept of the DPSIP model is that, when driven by the economic and daily
activities of humans, pressure is exerted on natural resources and the environment. Thus, policies and
patterns change the current state of the environment and the quality of natural resources, resulting in
internal and external impacts on the entire system of urban development. Urban planners can respond
by adjusting the development strategies related to the environment and the economy to mitigate the
pressure on the natural environment, thus achieving the goal of sustainability.

2.2.1. Driving Forces

Driving forces refer to the reasons for change in an urban land use system. Recently, many
studies [32–35] have indicated that urban land use and land cover changes are important drivers
of global environmental changes. They are the underlying causes of the changes in urban land use
and in environmental conditions. Driving forces can be divided into natural driving forces and
socio-economic driving forces [9].
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2.2.2. Pressure

Eder and Narodoslawsky (1999) [36] have indicated that environmental pressure mainly results
from human activities. Human and commercial activities interact with and influence the natural
resources and ecological systems in the environment. The pressure placed on the environment is
expressed as the current state of the competition among diverse social and economic driving forces in
the quest for land resources [25,31,37].

2.2.3. State

The amount of land that a city’s residents require for daily living and production is an important
factor that generates a shift in land use, which is an inevitable component of urban development.
In general, the change pattern in urban land development consists primarily of a shift from agricultural
land, open space, or other non-built land to production or residential land [5–7,32]. These changes in
land use patterns result in the alteration of a city’s existing development stages or land characteristics.
The same type of land use changes may affect a single parcel of land or an area containing adjacent
parcels of land. To measure the characteristics of environmental change in urban development, the state
is divided into two factors: S1 of the economy and S2 of the environment. The land use changes
measured in S1 of the economy include increases in commercial land, industrial land, residential
land, transportation land, and land used for facilities or other related purposes. The land use changes
measured in S2 of the environment include changes in non-built lands that cause a decrease in
biodiversity or the depletion of natural resources.

2.2.4. Impact

The characteristics of the individual land types are reflected in the state component of DPSIP.
The traditional DPSIR framework is capable of analyzing only one impact at a time. In this study,
the impact is considered to have two parts: the positive impact (I1) and the negative impact (I2) of
urban development, both of which are inherent in land use changes. The positive impact refers to the
actual impact and benefits to the economy and residents’ quality of life, including population growth,
increased income, and economic development [11,20,24,25,38,39]. Because of changes in land use
patterns, the overall environmental impacts are characterized by accumulation and diffusion. These
negative impacts involve ecological issues, including a reduction in habitat quality and a decrease in
biodiversity due to declining habitats [40–42]. Furthermore, land use changes can result in an increase
in the area of the impermeable layer of the earth’s surface, affecting cities’ hydrological systems and
resulting in increased surface runoff [43–46] and surface temperature [47–49].

2.2.5. Policy and Pattern

Urban planners respond to the demand for urban development and the associated development
issues with corresponding policies or guidance for urban development. The primary purpose of these
policies is to respond to the driving forces and pressures of urban development.

In the theoretical framework proposed in this study, the urban policy and urban pattern
components are the most external factors. Policies and patterns not only affect the initial driving forces
of the entire urban development system but also generate direct and indirect effects on the pressure of
development, the current state of the land, and the impacts of development, leading to further effects
on the efficiency of environmental change.

The results of a literature review reveal that policies that may be relevant to the efficiency of
environmental change in urban land development include traditional zoning systems for land use,
urban design regulations, and practices adopted by smart growth management [50–54]. These urban
development policies influence the current state of urban land use and socio-economic development,
thereby affecting the efficiency of the eventual changes to the environment.
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2.3. Definition of Environmental Change Efficiency

2.3.1. Definition of Efficiency

Environmental change efficiency involves balancing the natural environment with economic
benefits. Efficient urban spatial units improve the management of the urban natural environment and
create a competitive advantage by reducing the depletion of natural environmental resources and
improving ecological protection. Environmental change efficiency has three characteristics based on the
DPSIP model, the theory of efficiency and other studies [17,18,25,54,55]: a simultaneous improvement
in the effectiveness of the economy and the natural environment; an increase in the value of urban
development with a small environmental impact; and the promotion of urban economic growth with a
reduction in the use of natural resources.

The definition of environmental change efficiency is expressed as follows:

Environmental Change Efficiency (ECE) =
I1(positive impacts)
I2(negative impacts)

=

n
∑

j=1
Oj

m
∑

i=1
Ii

(1)

I1 = the positive impacts resulting from the accumulation of current state changes in society and the
economy, i.e., the sum of outputs.
I2 = the negative impacts resulting from the accumulation of current state changes in related natural
environmental resources and the ecological environment, i.e., the sum of inputs.

The numerator for overall outputs represents the change in urban land use patterns due to urban
land development. The numerator represents the positive impact (I1) on urban residents’ quality of life
and on the economy, which indicates an increase in socio-economic efficiency or the quality of services
generated by urban development.

The denominator for overall inputs represents the change in natural environmental resources
or changes in the depletion state and ecological environmental impact in the natural environmental
system caused by a land use change due to urban development. The denominator represents the
negative impact (I2) on the natural environment and natural resources in the urban area at the time
of development.

The efficiency scores in this study provide index values of a single composite type to reflect the
state of sustainable development. In general, the efficiency index proposed in this study represents the
composite performance results for sustainability in an area. With the ability to detect the factors
that affect efficiency scores, we can clearly understand the factors that may improve the area’s
overall efficiency and thereby achieve the goal of sustainable development. If the value of a city’s
average environmental change efficiency can be increased annually and the standard deviation of
the environmental change efficiency of a DMU within a city can be decreased annually, then the
region can obtain a positive state of development within the context of global environmental change.
Moreover, the impact generated by urban development and changes in the state of land use would
also be positive.

2.3.2. Input and Output Indicators

When evaluating efficiency, the selection of representative indicators as inputs and outputs
is both important and difficult [56]. To select the indicators, we began with a literature
review [11,13,25,39,54,57] focusing on the indicators suitable for monitoring and measuring
environmental impacts and urban sustainability at the neighborhood level; we selected indicators
based on DPSIP and the primary aspects of sustainable development.

In this study, an indicator is defined as a measurable and detectable variable that reflects the
causes and effects of land use change and that can be easily understood and used in both planning
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and decision making. We evaluated potential indicators using the following four criteria: reliability,
usability, availability, and usefulness in decision making. An initial list of input and output indicators
was developed based on earlier studies [11,13,24,25,39,57]. After the potential indicators had been
evaluated, the most suitable indicators were chosen for demonstration in Tainan City. Finally, the final
four input indicators and five output indicators were selected based on the availability of data and the
practicality of use at the neighborhood level.

The inputs were primarily oriented toward natural environmental resources and the ecological
environment, including factors such as surface temperature [57–59], surface runoff [2,13,43–46], habitat
quality [13,40–42,60], and water consumption [2,44,61].

The outputs were chosen to reflect the benefits and goals of economic and social development
according to the Tainan City Sustainable Development Action Plan proposed by the Tainan City
Government as well as other studies [11,20,24,25,38,39]. The outputs included population, production,
income, the service quality of infrastructure, and accessibility.

The data were primarily collected from the Landsat Thematic Mapper Satellite Image (2007);
the Land Use Investigation of Taiwan (2007); the Taiwan Water Corporation (2007); the Department
of Household Registration of the Ministry of the Interior (2007); the Industry, Commerce and Service
Census (2006); the Financial Data Center of the Ministry of Finance (2007); and the Database of the
Traffic Network Digital Map (2007) (see Table 1).

Table 1. Input and output indicators for the data envelopment analysis (DEA) efficiency analysis.

Indicators Definition Units Mean
Std.
Dev.

Range Data Sources

Input

Surface
temperature

Global average surface
temperature

◦C 27.867 2.168 12.559 Landsat Thematic Mapper
Satellite Image, 2007 [62]

Surface runoff
Total volume of

overland flow draining
off the land

m3/s 12.475 20.743 195.824 Land Use Investigation of
Taiwan, 2007 [63]

Habitat quality
Area-weighted mean

patch fractal dimension
value of habitats

None 1.420 0.098 0.485 Land Use Investigation of
Taiwan, 2007 [63]

Water
consumption Total water use m3 381,268 268,421 1,629,889 Taiwan Water Corporation,

2007 [64]

Output

Population Total population Persons 3262 1732 11,252
Department of Household

Registration, Ministry of the
Interior, 2007 [65]

Service quality
of infrastructure

Density of
infrastructure m2/ha 25.5668 13.1649 64.8379 Land Use Investigation of

Taiwan, 2007 [63]

Production Total production of
industry and commerce USD$ 57,292 117,016 1,174,532 Industry, Commerce and

Service Census, 2006 [66]

Income Total household income USD$ 17,112 12,663 89,125 Financial Data Center, Ministry
of Finance, 2007 [67]

Accessibility Global integration value
of streets None 0.240 0.038 0.150 Database of the Traffic Network

Digital Map, 2007 [68]

The common methods of efficiency assessment include ratio analysis, regression analysis, and
DEA [69]. One characteristic of DEA is that no prior knowledge of the production function between
the input and output attribute data is required; similarly, no relative weight needs to be set for the
attribute data [54,60–72]. Therefore, DEA is useful for comprehensively assessing the indicators of
different types and data patterns; it is widely used in economic science, agricultural economics, public
economics, financial economics, and economic policy. Additionally, DEA is considered an appropriate
analysis method for many studies related to eco-efficiency or environmental efficiency [21–24,54,73–77].
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Considering the characteristics of complexity and development in urban areas and the advantages
of DEA, we used the input-oriented CRS (constant returns to scale) model to obtain efficiency measures
corresponding to the assumptions. The efficiency measures attained from CCR model are known as
overall technical efficiency (OTE) scores.

2.4. Influential Factors in Environmental Change Efficiency

Several useful environmental assessment tools exist for promoting sustainable development,
including strategic environmental assessment (SEA) [78,79], territorial impact assessment (TIA) [80,81]
and spatial policy monitoring. These tools focus on the process by which environmental considerations
are fully integrated into the preparation and adoption of policies, plans, and programs. The tools
provide a means to consider the relationships between policies, plans, and environmental impacts.
To assess the potential factors affecting environmental change efficiency, the efficiency factors were
formed using urban characteristics based on the construction framework of DPSIP and the dimensions
related to urban land development in SEA and TIA [82,83] and urban policies [52,84].

The policies and management strategies for urban land development have traditionally included
zoning and urban design control. The concepts of growth management, smart growth, new urbanism,
and sustainable development have been proposed in recent years [50,51,53,85]. Among these, smart
growth and new urbanism are the most well-known and can effectively reduce the spread of urban
areas and manage urban development. These concepts are currently believed to be the most important
planning concepts and development policies.

We integrated urban characteristics and urban policy concepts, both of which affect the efficiency
of urban lands and environments, and then cross-compared these factors. From this process, six
quantitative indicators were identified, including land area, location, population density, the floor area
ratio, the impervious ratio, and mixed land use [51–53,86–89].

Additionally, because the factors that were determined to affect efficiency had different spatial
distributions, GWR model was used to analyze the efficiency factors.

GWR is a local multivariate regression function and a developed method for the analysis of spatial
data in which the data samples are weighted based on their spatial proximity [90]. In contrast to
the more traditional ordinary least-squares regression (OLS), GWR can solve the problem of spatial
autocorrelation in residuals and can reduce the instability of space [90–94]. GWR produces a separate
set of regression parameters for every observation across the study area. Thus, it avoids the assumed
relationships between dependent and independent variables that are generated by traditional OLS
models. Because the factors used in this study have different spatial distributions, GWR may be a
useful analysis tool for assessing which of these factors influence efficiency.

3. Results and Discussion

3.1. Scores of Environmental Change Efficiency

Table 2 presents the results of the DEA for environmental change efficiency. The average efficiency
score of the 233 neighborhoods was 89.44%, with a maximum efficiency score of 100% and a minimum
score of 61.90%. A total of 48 neighborhoods had an efficiency score of 100%. Comparing the districts,
the ratio of efficient DMUs to all DMUs was 28.95% in the Midwestern District, 27.66% in the Eastern
District, 25.58% in the Northern District, 20.00% in the Anping District, 12.82% in the Southern District,
and 84.03% in the Annan District. After comparing the means and standard deviations for each district,
the Midwestern District emerged as the district with the highest average (95.96%) and the lowest
standard deviation (3.63%), followed by the Anping District (92.42%, 7.35%) and the Northern District
(91.79%, 8.29%). The Southern District and the Annan District fell below the overall average in Tainan
City, with averages of 86.13% and 84.03%, respectively, which was caused by primarily agricultural
land use types or the district’s status as a recent growth area with a smaller population, less production
and lower service quality of infrastructure.
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Table 2. Efficiency results for 233 neighborhoods.

District
DMUs Efficiency Score

Total Efficiency Efficiency Percentage (%) Mean Std. Dev.

Eastern 47 13 27.66 89.70 9.62
Southern 39 5 12.82 86.13 10.50

Midwestern 38 11 28.95 95.96 3.63
Northern 43 11 25.58 91.79 8.29
Anping 15 3 20.00 92.42 7.35
Annan 51 5 9.80 84.03 9.37

Tainan City 233 48 20.60 89.44 9.48

3.2. Spatial Patterns and Slack Analysis of Environmental Change Efficiency

The administrative boundaries of each district denote an actual geographical area of space.
The spatial distribution of the DMU efficiency scores revealed an overall decreasing trend in the
distribution of efficiency scores, moving outward from the city center and forming two spatial

development axes,
↔

AC and
↔

DE, and signifying relatively efficient urban development (see Figure 4).

The
↔

AC efficiency axis ran from the southeast side of Tainan City, went through the downtown

area, and extended to the northwest. The
↔

DE efficiency axis extended from northeast to southwest.
Efficiency scores decreased in areas located farther from downtown. With the exception of a few
efficient DMUs that represented dispersed development characteristics (e.g., Donghe and Anqing in
the Annan District, Yuping in the Anping District, and Xingsheng and Ren-ai in the Northern District),
the most efficient DMUs appeared in clustered or adjacent developments and were concentrated across
the administrative districts, particularly in the areas adjacent to the Annan, Anping, and Northern
Districts and in the DMUs in the Northern and Midwestern Districts.

Figure 4. Spatial patterns of efficiency scores.

181



Sustainability 2015, 7, 10479–10498

When the number of DMUs exhibiting differences in a certain input or output indicator increases,
most of them must be able to improve their environmental change efficiency via an increase or decrease
in this indicator. These indicators are particularly important for improving the overall efficiency of
urban land development; they also serve as a reference for subsequent management and improvement
strategies. Therefore, we calculated the number of DMUs with changeable differences with respect
to nine input and output indicators to understand the importance of the direct input and output
indicators that impact the efficiency of urban land development. The ratio of these DMUs to the total
number of 233 DMUs was calculated and used as a reference point to determine the indicators for
increased efficiency. When a significant number of DMUs revealed a difference in a certain input or
output indicator, this indicator became the focus of efficiency improvements for the future; that is,
in the future, a reduced value of these input indicators or an increased value of these output indicators
will contribute to improved efficiency scores among the DMUs.

Based on the calculated difference between the variables, the indicators relevant to future efficiency
improvements were identified as follows: an increase in the quality of public facilities and services
(62.23%), an increase in income (57.51%), an increase in production (35.19%), a decrease in surface
runoff (25.75%), a decrease in water consumption (18.88%), an increase in habitat quality (17.60%), an
increase in the population of urban residents (16.31%), a decrease in the urban surface temperature
(12.02%), and an increase in accessibility (8.58%).

3.3. Factors Affecting Environmental Change Efficiency

The adjusted R2 value of the OLS regression was 0.37, whereas the adjusted R2 value of the
GWR was 0.53, indicating that the GWR can better explain the influential factors of environmental
change efficiency.

The regression coefficients of the variables in the OLS and GWR models were organized, and the
efficiency scores increased when the factor values increased. In contrast, a coefficient of less than 0
indicated that the efficiency scores decreased when this variable’s values increased (see Table 3).

Table 3. Parameter summary for the OLS model and the GWR models.

Parameter OLS

GWR

Mean Minimum Maximum
<0 >0

p-Value
DMUs (%) DMUs (%)

Area 0.0107 0.0247 −0.0122 0.0877 22 9.44 211 90.56 0.05 **
Location −0.0023 −0.0026 −0.0047 0.0000 233 100.00 0 0.00 0.03 **

Population density 0.0101 0.0275 0.0058 0.6246 0 0.00 233 100.00 0.00 ***
Floor area ratio −0.0043 0.0061 −0.0657 0.2794 150 64.38 83 35.62 0.00 ***

Impervious ratio −0.0532 −0.0353 −0.3485 0.2078 149 63.95 84 36.05 0.05 **
Mixed land use −1.5029 −1.5202 −32.6921 10.9520 150 64.38 83 35.62 0.07 *

* Significance level p < 0.1; ** Significance level p < 0.05; *** Significance level p < 0.001.

Our results revealed that five of the six impact variables proposed had spatial differences.
Regarding the variables’ influence, the location and population density variables had the same effect
in the OLS and GWR models. The effect of the location was negative, indicating that the efficiency
scores decreased with increases in the distance from the city center. The result is in line with those
of recent studies [83,95,96]. For the population density variable, the efficiency scores increased as the
population density increased.

In this study, among the six variables influencing efficiency, with the exception of the two variables
discussed above, four variables: area, the floor area ratio, the impervious ratio, and mixed land use
had different effects based on the two regression analyses. In general, the GWR simultaneously
revealed positive and negative effects in these four variables due to the development characteristics
and spatial non-stationarity of the 233 neighborhoods. These differences must be considered when
preparing a strategy to improve efficiency in different areas of the city. According to Table 3, the
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neighborhoods with positive values of influential factors could improve their environmental change
efficiency by increasing their area, population density, floor area ratio and mixed land use. In addition,
the neighborhoods with negative values of influential factors could improve their environmental
change efficiency by decreasing their area, floor area ratio, impervious ratio and mixed land use.

3.4. Efficiency Improvement Strategy

As the focus of early development in Tainan City, some neighborhoods in the Midwestern
District had characteristics of high population density, high building density, low plant coverage,
and a significant impermeable layer. These characteristics were reflected in the input indicators of
environmental resources; an assessment of the indicators of environmental change efficiency revealed
relatively poor performance for surface runoff, surface temperature, and habitat quality. To improve
efficiency throughout Tainan City, the current urban development strategies for the city, including
urban renewal, local environmental change, reforestation, and landscaping in vacant lots, should be
continued. The impact on the natural environment generated during the process of urban development
can be reduced by increasing the green space and habitats for wildlife.

To improve efficiency through the sustainable development of urban areas and the environment,
the foci of future improvements for Tainan City, in descending order, include reducing surface runoff,
reducing water consumption, improving habitat quality, and reducing surface temperature. Urban
planners can use phased and zoned development, retain existing natural open spaces in urban districts,
and increase areas of green space with ecological functions in urban areas through a standardized
review of urban design and the implementation of a comprehensive urban planning process. With
improved input and output indicators, overall efficiency can be indirectly improved to achieve the
long-term goal of reducing the impacts of global environmental change. When developing strategies
to improve efficiency in areas that differ in terms of the quality of public facilities and services and in
adjacent areas and spatially clustered areas, the development of public facilities should be prioritized.

In terms of the factors influencing efficiency, population density is significant with regard to
compact urban development. The influence of different spatial units gradually increased from the
junction of the Midwestern, Southern, and Anping Districts fanning out to the south, north, and east
of the outlying areas, forming a nearly concentric circle. For the outermost neighborhoods in Tainan
City, environmental change efficiency can be greatly improved by increasing the population density.
The current land use types in these neighborhoods are primarily agricultural or recently developed
with smaller populations and less production activity. We suggested that these neighborhoods be more
compact by increasing their population densities. It is not only an important strategy for a compact
city but can also increase its environmental efficiency.

A total of 149 neighborhoods in Tainan City (63.95%) could improve their environmental change
efficiency by reducing their impervious area ratios. These areas are located primarily in the Midwestern
District of the city center and in the nearby Northern and Anping Districts. According to the existing
literature [47–49], a higher impervious area ratio leads to a greater surface temperature and surface
runoff for the city. Therefore, future urban designs can effectively reduce their environmental impact
and enhance their efficiency scores by focusing on the impervious area ratio.

4. Conclusions

Changes in a city’s land use and the expansion of urban development are key drivers of global
environmental change and are unavoidable aspects of economic and social development in many cities.
Although urban development land use changes negatively impact the natural environment, they often
produce important economic and social benefits for city residents.

In this study, we propose the DPSIP model framework to address the process, complexity and
the relationship between environmental impacts and developmental effectiveness. This model can
help researchers overcome the limitations associated with the traditional DPSIR, with which assessing
two or more impacts at a time is difficult; DPSIR is also difficult to apply to existing or future
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policies [29–31]. For cities with rapid urbanization, which is similar to what is occurring in Tainan City,
DPSIP could generate significant benefits for the entire urban development management system. The
urban planners, urban managers, and policymakers could obtain useful information from relevant
evaluation results and create policies to improve the efficiency of urban development and could
mitigate the global environmental impact caused by urban land use changes according to the factors
affecting environmental change efficiency.

Additionally, spatial and measurable efficiency scores were calculated for environmental changes
in urban land development, providing a comprehensive evaluation index for the efficiency of urban
development and environmental impacts. This index constitutes a new resource for achieving urban
sustainability at the neighborhood level.

Finally, GWR was applied to the factors affecting efficiency and was successfully validated. The
empirical results revealed that the GWR analysis had greater overall explanatory power than the
traditional regression model; the GWR analysis also generated different coefficients based on the
spatial difference of DMUs due to the effects of the various influential factors. This feature will help
researchers understand the effects of differences across the different DMUs, which may contribute to
the development of more specific efficiency strategies.
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Abstract: Cities, as the quintessential socio-technological artifacts of human civilization, are seen
to set us apart from nature. But an ecosystem view from nested scale-hierarchical process-function
ecology shows us that cities are best seen as the emergent and nodal end points of interactive flows of
matter, energy and information. From within such a view, a clear need emerges to ecologize our cities
by better integrating them back with nature. Arguing from such an ecosystem approach to depicting
reality, this paper proposes that tracing the processes and functions which constitute the morphology
of the city leads us to articulate an urban ecology that incorporates heat island mitigations, urban
forestry, and ecological landscape management (taken both as the introduction of native vegetation
and the insertion of increased proportions of pervious paving), all considered within the framework
of an integrative ecosystem approach to land use planning. More importantly, such an approach
to urban ecology is useful because, as a mode of intervention, it rests on—indeed, requires—an
acknowledgement in ecological planning of the often amorphous and usually only indirectly sensible
atmospheric, biogeochemical and hydrological processes and functions.

Keywords: ecosystem approach; urban ecology; eco-cities; process-function ecology; heat island
mitigation; urban forestry; green infrastructure; ecological landscape management

1. Introduction

It is clear that we are squarely in the Age of the Anthropocene—an epoch in which humans are the
dominant geophysical force shaping planetary processes. As Steffen et al. [1] state, “Human activities
have become so pervasive and profound that they rival the great forces of nature and are pushing the
Earth into planetary terra incognita. The Earth is rapidly moving into a less biologically diverse, less
forested, much warmer, and probably wetter and stormier state”.

If this is true, then surely cities need to be at the center of this concern. Over half of humanity
is already urban, and it is projected that by 2050, 80% of humanity will be living in cities. What this
means is that if we care about reducing our impact upon the planet, we need to lighten the weight of
our cities and make their ecological footprint smaller, on a per capita basis.

Grimm et al. [2] and Pickett et al. [3] collectively make the point that it is useful to distinguish
between ecology in cities and ecology of cities. The first refers to the study of fragments of nature
within the urban context. The second refers to the study of the urban context itself as an ecological
system. While this is an important distinction, pointing as it does to two quite diverse ways in which
the idea of urban ecology can be taken, the concern here is more with ways in which cities themselves
can be ecologized—that is to say, rather than trying to increase fragments of nature within urban
areas, we need to be concerned with the pervasive replacement of built, grey infrastructure by natural,
green infrastructure.

Sustainability 2015, 7, 11756–11776; doi:10.3390/su70911756 www.mdpi.com/journal/sustainability189
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One significant way of doing this is by allowing nature to do what nature does well, and by not
going against the flow of natural processes and functions. In this particular light, it makes sense to
transform existing cities into Eco-cities, retrofitting the built environment and make sure that all new
urban development itself abides by the principles of Eco-city design.

Although there is not yet an accepted international standard specifying the development of
Eco-cities, certain principles and practices can be distilled from the literature [4–7]. Key amongst these
is the principle of working with nature, rather than trying to dominate and control it.

Register [4] (p. 182), in establishing the eco-cities meme, suggests that, “(t)o begin, we might
try the Ecological Golden Rule: do unto others—including plants, animals, and the Earth herself—as
you would have others do unto you. Dividing the golden rule into two, we might embrace the social
ecological commandments taught to every pre-kindergarten child: be nice to others and clean up after
yourself. Refining this a bit further, we could say that there are three major environmental prescriptions
into which most others fit: Conserve, recycle, and preserve biodiversity”.

Taking this deeper, we might look at the Hannover Principles devised by William McDonough [5]
for EXPO 2000, the World Fair at Hannover, Germany. Along with the chapter by Head and Lam [6],
titled “How Cities Can Enter the Ecological Age”, in which they conclude that our cities might ecologize
themselves most effectively by: (a) reducing their carbon footprint; (b) reducing their ecological
footprint; (c) improving their Human Development Index scores; and (d) increasing biodiversity. As
well as de Jong et al. [7], in which they parse out the diverse set of labels given to eco-cities with a
frequency analysis.

As it turns out, there is a distinction worth making between the ecological footprint of cities,
which is large, and the per capita ecological footprint of urban dwellers, which is small compared to
that of non-urban dwellers. The ecological footprint of a city, typically, is orders of magnitude larger
than the area of the city itself. But the ecological footprint of a typical urban dweller is a fraction of the
footprint of rural or suburban dwellers. What this means is that there is something to be said for living
in cities, but still, cities need help with reducing their total ecological footprint.

With this as background, and with a foremost concern for reducing our urban
footprints—ecological, carbon and socio-cultural—the questions we are presented with are these:
How do cities most press themselves upon nature? What is it that cities do, which most generate a
load upon the planet?

Table 1. Resolving the pressures cities put on nature.

If the problem with cities is that . . . Then the solution is for cities to . . .

They contain huge amounts of impervious surfaces
(roofs, roads, driveways, pavement)

Entrain storm-water into the ground, using porous
pavement and vegetation and trees and cisterns and
roof gardens

They import huge quantities of energy (fossil fuel,
electricity)

Increase energy efficiency and conservation
Use distributed energy generation and renewable
energy

They import huge quantities of nutrients (food) Grow more food in cities

They import huge quantities of raw materials Use less stuff (Sustainable Production and
Consumption, SCP)

They export huge amounts of waste matter Divert more solid waste from landfills (increase
recycling, composting, and reuse of materials)

They are islands of heat (2–4 degrees C hotter than
the countryside) Heat Island Mitigation (cool roofs, green roofs, trees)

They consume nature (farmland, open space, parks,
wetlands)

Create more nature within cities (urban farms, open
space, parks, bioswales, wetlands)
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It may be worthwhile to consider that, in one sense, there are three urban sectors that put the most
load on nature: Buildings, Transportation, and Electricity [8] (p. 2). Here the emission of Greenhouse
Gases (GHGs) is taken to be a proxy for “load on nature”. In one sense, the carbon footprint of human
activity is a useful way of characterizing natural pressures and stresses. But, clearly, this is only one
piece of the global puzzle [9,10].

In the case of these three sectors—Buildings, Transportation, and Electricity—there are a few
well-known ways of mitigating this load—green building and energy standards; mixed land-use
development; transit-oriented development; distributed generation of electricity; and the societal
promotion of renewable energy options.

Of course, the key to ecologizing cities is to let nature do what nature does well, and to do
everything else in ways that put the least pressure on natural processes and functions. This last is
central to the successful ecologization of our cities—that is to say, we must first learn to see our cities
as physical entities emergent from the flows of matter, energy and information. Then we understand
that the way to managing our cities is less by morphological manipulation and more by managing the
flows of its constitutive processes and functions. Pruning and culling is necessary and useful, in its
place. But Bonsai gives us a head-start to low-impact control over morphological growth. In that light,
the sorts of solutions that rise to the surface then become the subject of our attention.

2. Setting a Glocal Context

There is a clear degree of urgency in this call for the ecologization of cities across the world. Over
the next two decades, mid-sized cities everywhere are expected to see a marked surge in population,
and the mega-cities of the world are likely to become even more unwieldy. Much of this growth is
going to occur across the Asia-Pacific region, and most of it will be driven by rural-to-urban migration,
rather than by internal population growth [11]. But we can be sure that cities everywhere are going to
come under even more pressure to refresh, enhance and expand their infrastructure.

The question is, what form will this infrastructure expansion take? Crudely, there is a binary
choice between conventional “grey” infrastructure and innovative “green”, “blue” and ephemeral
(digital) infrastructure. We can either try to build our way out of the problem of increasing urbanization,
or we can, more intelligently, proceed to ecologize our way into a solution. Given the extent to which
the cities of the world are already loading the planet, and given the massive ecological footprint of
humanity, at large, it should be clear that further increasing our footprint is, quite simply, not an option.
Then one root articulation of the situation is: how can we accommodate a growing urban population
even as we shrink our global urban footprint.

We need, indeed, a way of using nature to facilitate the entirely foreseeable surge in urbanization,
since, clearly, abusing nature is not giving us the sorts of outcomes we actually want. We need to grow
our cities capacity to support a high quality of human life even as we quite dramatically shrink our
urban footprint. And we need to do this very rapidly, and without hesitation. Here, fortunately, the
two countervailing forces of Globalization and Localization can be made to work in our favor.

2.1. The Homogenizing Forces of Globalization

Even as vast populations across the world are urbanizing, just so are these populations—and
their cities—westernizing. New Delhi begins to approach Taipei, which in its turn reaches out toward
Tokyo. But, at the same time, though much more painfully, there is a south-to-north flow as well, with
Curitiba landing memetic tentacles in Los Angeles, and thence to—could it be?—Singapore, as the
idea of bus-rapid-transit (BRT) becomes increasingly contagious. Congestion pricing crystalizes first in
Singapore, moving from there to Europe and the USA.

Anything we can do to nurture the free flow of “smart” ideas across the globalizing landscapes of
the planet might well work in our favor. Without in any way seeking to suggest that organic foods are
going to “save the day” for us, the fact of the matter is, “green” ideas are emerging far more rapidly in
the surging countries of the south than they ever did in the entrenched cities of the north.
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The cultural speed with which ideas spread is cause for hope. But at the same time the flow
of modernization ideals from north to south is disturbing, undercutting as it does, local values and
customs. Ideas can spread very rapidly. The question is, which ideas are deemed spreadable and which
ideas do, indeed, diffuse.

2.2. The Hetrogenizing Forces of Localization

Ideas, like plants, tend to hybridize as they are transplanted out of their native context. And
so they seek out novel contexts within which to flourish. Take, for example, the case of biogas
digester technology. If we take the 1970s and the early 1980s to represent the first wave of appropriate
technology—driven in no small part by E.F. Schumacher’s 1973 opus [12], Small is Beautiful: Economics
As If People Mattered—and if we take that first wave to have broken and dissipated itself, spent against
the forces of an inexorably Westernizing world, then surely this decade is a time when the very same
ideas of an appropriate technology can be revitalized.

In that first wave, and as one example, the Government of India expended significant resources
in the development of technologies such as biogas plants and solar cookers. These technologies died
at birth, by and large. Today, however, with localization more effectively beginning to balance out
globalization, solar water heaters are endemic in at least some cities of the south. Similarly, new
generations of biogas digesters are showing themselves to be entirely adaptable to the high-stakes
game of contemporary urbanization.

2.3. The Integrative Forces of Glocalization

One of the reasons that this second wave of appropriate technology might stand a chance to help
us innovate our way out of a dire predicament, is because the artifact of such technologies, though
largely unchanged, is riding on the coat-tails of entirely different processes and functions. As we
realize the strict limits of large, centralized, infrastructure solutions—power plants, sewage treatment
plants, storm-water processing facilities, and other urban utilities—we become more aware of the
power of decentralized, distributed solutions. Small-scale solar photovoltaic systems may offer tightly
localized solutions to the highly global problem of energy poverty. Modular biogas digesters begin to
solve the organic and sewage waste problems of an urbanization process that simply cannot keep pace
with current growth rates.

In this spirit of innovation under “Glocalization”, it may be entirely possible to shrink our
burgeoning urban footprint even as we scramble to accommodate a surging urban population,
provided we actually deploy “smart”, amorphous, green and decentralized technologies that are
chosen, strategically, for their ability to fill functional niches, in highly localized conditions but at a
globalized scale.

3. Mitigation Measures

3.1. Managing Ecological Processes and Functions as a Way of Reintegrating Cities with Nature

Dark, heat-absorbing, impervious surfaces—roofs, roads, and parking lots—are one iconic
hallmark of urbanization. Such surfaces, often unmitigated, have a range of significant and cumulative
adverse effects on the ecological and biogeochemical processes and functions that underwrite our
cities, and so shape our inhabited world. Conventional building practices result in increased ambient
temperatures due to the proliferation of heat-absorbing surfaces, increased urban storm-water runoff,
reduced groundwater recharge, disruptions of local landscape ecologies, fragmentation of natural
habitats, increased air pollution, increased water pollution, increased biological and mechanical heat
stress, and exacerbate as well the separation of humans from nature.

This diverse range of changes to processes and functions can partly be captured by the concepts
of urban heat islands, urban forestry, and xeriscape. We can dramatically change how our cities work,
and how they sit in nature, by paying conscious attention to these ecological phenomena in land use
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planning. Although these various effects, as well as the measures that can effectively mitigate them
have been known for some time, the ways in which we choose to plan and build have just barely
begun to take these factors into account—perhaps because we continue to treat the urban world as
mechanical, rather than embracing its essentially organic basis.

Such dark, under-shaded surfaces absorb in-coming solar radiation and then re-radiate this heat
into the lower atmosphere, raising localized temperatures, often by 2.5 to 5.0 degrees Celsius. This
increase in ambient temperatures usually results in greater expenditures of energy for cooling the
structures we inhabit, particularly in the mid- to low-latitudes and in the summer afternoons, when
energy demand is often at its highest.

Mitigation measures—the use of lighter colored and heat reflecting surfaces for roofs and paving,
as well as the increased planting of ecologically suitable species of trees and vegetation—are capable
of reducing ambient temperatures by 2.0 to 4.0 degrees Celsius. This reduction is achieved partly by
physically altering the heat-absorbing properties of surfaces, partly by increasing localized cooling due
to evaporative transpiration from plant and soil systems, and partly by morphologically inserting shade
into the urban landscape, thus reducing energy consumption in the summer and in the afternoons
when energy demand is highest.

It should be mentioned here that there is a converse “winter penalty” that is incurred, in some
cases, by the wide-spread application of these heat island mitigation measures, in that the cost of
heating buildings in the winter would be increased somewhat. But Rosenfeld et al. [13] (p. 54) find that
this is a small penalty, and the cumulative summer-time benefits of reducing air conditioning costs
by far outweigh the winter penalty. Elsewhere, Rosenfeld et al. [14] (p. 57) note that this net energy
saving applies as far north as New York City, explaining that, in all mid-latitude locations, winter
sun is lower in the sky, and thus the ratio of sunlight striking the roof to the walls is also smaller. In
addition, winter days are shorter, and so they suggest that the summer benefits of lighter colored roofs
may substantially outweigh their winter penalty.

Taken together, these mitigation measures have a number of other quite substantial benefits
as well. Tropospheric ozone formation is a temperature sensitive photochemical reaction, in which
precursor gases—volatile organic compounds (VOCs) and oxides of nitrogen (NOx)—react in the
presence of sunlight to form smog. This reaction is temperature-sensitive. Thus, reductions in urban
ambient temperatures carry the potential of reducing smog-formation, without physically reducing
the volume of precursor gases exhausted into the lower atmosphere.

The extensive planting of ecologically suitable species of trees and shrubbery, besides increasing
morphological shading and enhancing the locally cooling processes of evaporative transpiration
in soil-plant systems, also greatly increase the surfaces available to capture ambient particulate
matter (dust) generated by traffic and by urban activity, thus potentially benefiting respiratory health.
In addition, the vegetation of the urban landscape increases the proportion of pervious to impervious
surfaces, which, in turn, reduces storm-water run-off even as it increases ground-water recharge.
A variety of habitat-enhancing ecological and community effects can also be ascribed to the increased
native vegetation resulting from such measures. Not incidentally, these reductions in temperature also
reduce the often considerable thermal stress on roofing and paving materials, measurably increasing
their effective life span and reducing maintenance costs [15] (p. 1).

We have known about these processes and phenomena for some time, but the shape of how
we plan and build has only just begun to take these factors into account in transformative ways.
No doubt this lag in adoptive action is shaped most by disciplinary fragmentation in research, and
by the professional segmentation of environmental planning into functional and siloed typologies
such as land use planning, air quality planning, water quality planning, storm-water management,
urban forestry, and so on. But it may as well be the case that conventional descriptions of the world are
traditionally biased toward the morphological—in that, it is easier to mobilize action against pollution
processes that are directly sensible to us, based on sight and smell, and harder to do so against pollution
processes that can only be indirectly measured, using instruments and models, such as climate change.

193



Sustainability 2015, 7, 11756–11776

3.2. Albedo Modification, Vegetation and Urban Forestry as Heat Island Mitigation

Impervious surfaces are a hallmark of urbanization. Vitousek [16] argues that land use and
land cover change, taken together, are one of the three most significant global change processes
that ecologists must take into account. From within an ecological perspective, roofs, roads and
paving are perhaps the single most critical factor that set cities apart from the countryside [17–23].
The consequences of such a concentration of impervious surfaces, usually in the form of dark asphalt
and roofing materials, extend to influencing the local climate and the local hydrology in varying
degrees, depending upon the particulars of locational and ecological context. Taha [24] (p. 99) notes
that “northern hemisphere urban areas annually have an average of 12% less solar radiation, 8%
more clouds, 14% more rainfall, 10% more snowfall, and 15% more thunderstorms than their rural
counterparts”.

However, urban heat islands, like most ecological phenomena, are not a singularity. In general,
urban areas are 2.5 to 5.0 degrees Celsius warmer than their surrounding countryside. Depending
upon latitude, the surrounding ecology, and meso-scale climate, a heat island effect may show itself
most either in the summer or in the winter, during the day or at night, and cause increases in heating,
smog formation or rainfall. In the higher latitudes, urban heat islands may most markedly increase
temperatures in the winter, thus reducing building heating costs. In lower latitudes, the effect may be
most pronounced in the summer months, resulting in higher air-conditioning costs and increased smog
formation. In coastal arid climates such as Los Angeles, the heat island effect may be most relevant in
the afternoons, causing increased smog formation and energy consumption. Along the more humid
Atlantic seaboard, heat islands may generate increased rainfall and thunderstorms [25–28]. While in
desert locations, and with depressed topographies such as Phoenix, the effect may most show itself
most at night, keeping the urban core hotter for hours after the sun has set [29,30] and thus increasing
energy consumption long into the otherwise-cooler nights.

In Southern California, in the case of the urbanization in the region surrounding Los Angeles,
the Mediterranean climate is influenced by its coastal location, juxtaposed with an inland desert
ecology, and capped by a tropospheric inversion layer that tends to trap smog-forming precursor
gases—namely, volatile organic compounds and oxides of nitrogen. In such a case, and broadly
speaking, the urban heat island effect is most markedly manifest at about 2 p.m. in the afternoon,
when increased ambient temperatures most severely affect peak demands for electricity, and when the
temperature-sensitive photochemical smog-forming reactions most manifest their pollution effects.

Here, three sorts of strategies are available to mitigate the heat island effect. We can physically
increase the albedo, or heat reflecting properties, of sunward oriented surfaces such as roofs, roads
and paving, by using lighter colored or otherwise more heat-reflecting materials. We can increase
the proportion of vegetation and shrubbery to hard landscapes, and promote the adoption of
roof-top gardens or green roofs, thus increasing opportunities for the plant-soil based processes
of evapo-transpirative cooling to find play. And we can use urban forestry programs to extensively
plant strategically sited and ecologically suitable tree species throughout the urbanized area, increasing
both evapo-transpiration and physical shading.

Rosenfeld et al. [13] describe a “cool communities” strategy for the inland urbanized Los Angeles
area, in which they assess the energy conservation and tropospheric ozone (smog) air pollution
reduction benefits of a two-pronged strategy that focuses on increasing the albedo of roofing and
paving materials by an average of 0.30, and on the strategic planting of 11 million trees in the more
densely inhabited parts of the region. Their analysis shows a 12% reduction in the number of days per
year on which tropospheric ozone exceeds the National Ambient Air Quality Standards (NAAQS),
and a 10% reduction in air-conditioning loads during peak early afternoon demand. They found that,
at peak temperatures, around 2 p.m., an approximately 2.5 to 3.0 degrees Celsius reduction in ambient
temperatures would be effected by their “cool communities” strategy.

Their research concludes that the proposed albedo modification component and the tree planting
component of their “cool communities” strategy generate roughly equal amounts of ambient cooling
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in the lower atmosphere of the Los Angeles urbanized area. That is to say, if about one-third of the
rooftops within the region, and if the paved surfaces concentrated within 25% of the inland urbanized
area, were treated so as to increase the albedo of treated roofs by about 0.35 and the albedo of modified
paving by about 0.25, this would generate an average increase in the albedo of sunward oriented
surfaces in the order of about 0.30. And if, in addition, about 11 million ecologically suitable species
of trees were to be planted strategically across the region, then about half the cooling in ambient
temperatures would be attributable to each of these two strategies. “The cooling for ‘albedo only’ turns
out to be equal to that of ‘trees only,’ and is additive” [13] (p. 53).

Estimating smog reduction benefits on the basis of the reduction in the number of days in the year
that smog concentrations exceed the California ambient air quality standard of 90 parts per billion
by volume (ppbv), their simulation shows that the combined benefits of the tree planting and albedo
modification strategies result in a 12% reduction in the number of days in a year on which the air
quality standards for tropospheric ozone are exceeded. “In apportioning how much of the benefits we
calculated could be attributed to the three separate strategies (trees, roofs, and pavements), we found
50% of the temperature decrease (and thus 50% of the smog reduction) arises from tree planting. The
remaining 50% was proportionally attributed to albedo changes resulting from light-colored roofs
(0.35) and pavements (0.25), which translates to 29% of the benefits from light-colored roofs and 21%
from light-colored pavements” [13] (p. 53–54).

Smog, or tropospheric ozone, is not a directly emitted pollutant, but rather is the product of
a complex reaction involving two sets of precursor gases—oxides of Nitrogen (NOx) and volatile
organic compounds (VOC)—in the presence of sunlight. The photochemical reaction may be either
NOx-constrained or VOC-constrained, depending on the relative proportion of the gases present in the
troposphere. In the case of Southern California, Rosenfeld et al. take the reaction to be NOx-constrained.
In assessing the smog-reduction benefits of their proposed heat island mitigation measures of shade
tree planting and a change to lighter colored paving and roof surfaces, they consider two components
in the reduction of NOx gases—the direct reductions in NOx emissions by power plants, due to
reductions in peak-time electric power consumption, and the effective or “equivalent” reductions in
NOx, due to reductions in ambient temperatures.

In the base case for Southern California, they assume that 1225 t of NOx and 1350 t of VOCs
are present and available to the photochemical smog-formation reaction by the early afternoon peak
reaction time. They find that the reductions in electricity consumption result in a small reduction in
NOx emissions by power plants, in the order of 6.35 t, or a direct reduction of 0.5% in NOx. However,
as they point out, “(r)educing smog by citywide cooling can be considered equivalent to reducing
the formation of smog precursors at constant temperatures”. Relying on research by Taha [31,32],
Rosenfeld et al. conclude that the two strategies of shade trees and lighter colored or higher albedo
surfaces, together result in a 10% reduction in smog. They conclude that this 10% reduction in smog is
equivalent to a 25% reduction in precursor gases, with the tropospheric system behaving as though
there had been a 317 t reduction in NOx emissions within the air basin.

Albedo modification strategies, cool roofs and cool paving interventions that cumulatively
increase regional albedo from 0.25 to 0.40, have been modeled to effectively reduce localized ambient
temperatures by as much as 4.0 degrees Celsius in Southern California’s mid-latitude climate [24]
(p. 101). Taha concludes, “temperature decreases of this magnitude could reduce the electricity load
from air conditioning by 10% and smog (ozone concentrations) by up to 20% during hot summer
days”. Elsewhere, Taha [32] (p. 1668) has found that the average albedo for sunward oriented land
surfaces in Southern California is 0.14, and has concluded that the theoretical “maximum increase
in albedo will probably never exceed 0.30”, and that this should be established as the extreme upper
bound for modeling purposes, while an albedo increase of 0.15 for sunward oriented surfaces is a
reasonable moderate increase.

The results of Taha’s simulation of such changes in albedo, for a clear and warm day in August,
at 3 p.m., indicate that the urban core might see a decrease in temperature of about 1.5 to 2.0 degrees
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Celsius in the case of moderate (0.15) increase in albedo, and up to 4.0 degrees Celsius in the case of
an extreme (0.30) increase in albedo, with outlying areas showing a more modest decrease of about
1.0 and 2.0 degrees Celsius [32] (p. 1670). The estimated effect of such a temperature reduction on
tropospheric ozone formation was considered to account for “(1) a decrease in some photochemical
reaction rates; (2) a decrease in temperature-dependent biogenic hydrocarbon emissions; (3) a decrease
in evaporative losses of organic compounds from mobile and stationary sources; and (4) a decreased
need for cooling energy, generating capacity, and, thus, emissions from power plants” [32] (p. 1667).

3.3. Changing the Albedo of Roofing and Paving Materials

Vernacular architecture, in a cross-cultural context, is defined as the traditional, native, locally
prevalent mode of building, using locally available materials and construction techniques, and based
on a traditional and historically tested knowledge-base. Many “traditional”, and hence by implication
“primitive”, modes of knowing may actually be more effective than modern-day beliefs and practices.
Take, for instance, the traditional architectures of places that fall within desert climates. In most cases,
structures in such places are regularly white-washed, including rooftops. For instance, “building
owners in hot cities like Haifa and Tel Aviv are required to whitewash their roofs each spring, after
the rains stop” [14] (p. 55). Modern day building practices are driven far more by the contemporary
economics of air conditioning, which routinely fail to internalize many of the costs of not using such
traditional building techniques.

An ecological approach to building would require attention to such knowledge processes. One key
insight from process-function ecology is that direct human sensory perception is at best a limited means
of “getting at” the processes and functions that actually shape our world. Conventional empiricism,
being based on a reliance on our senses of sight, smell, hearing, taste and touch, has only limited value
in an ecosystem approach. Processes and functions outside the scope of our senses drive many of the
phenomena that matter most to us.

Albedo is one such phenomenon. In general, and very incompletely, the gradient from light to
dark colors does approximate the gradient from high to low albedo—that is to say, from highly heat
reflecting properties to highly heat absorbing properties. But a substantial part of the heating that
occurs due to incoming solar radiation is in the near-infrared range of the spectrum, and so hidden
from our direct sensory abilities. This explains why, for instance, “dark” terracotta roofing tiles may be
measurably cooler than “white” asphalt-fiberglass shingles [14] (p. 57), and why old “white” shingles
may be more heat reflective (by up to 10 degrees Celsius) than modern “white” shingles, which use
one-sixth the thickness of white pigment than they did in 1960 [14] (p. 55).

What this means, of course, is that we are not strictly constrained to the aesthetic of “white”, in our
urban landscapes. The use of, for instance, titanium dioxide (TiO2) as an additive to paints used to coat
roof surfaces, allows us to apply a range of pastel shades which still have the high albedo properties
in which we are most interested. Recent developments in building materials, particularly some
very interesting contemporary research about the dirt-repelling properties of TiO2-coated materials,
for instance, raises interesting prospects for longer-lasting albedo-increasing effects in a variety of
building materials [33,34]. Another facet of such an albedo-modification approach would focus on
roads and pavements, where direct experiments show substantial heat reduction benefits as well.

3.4. Tree Planting and Vegetation Change as Integrative Regional Environmental Interventions

Landscape level land use change is one of the most significant ways in which we shape, and by
which we can reshape, our lived environments. The displacement of native vegetative cover, first by
small-scale agriculture, then by the more extensive irrigated agricultural systems that mark our recent
industrializing history, resulted in a host of ecological changes upon the land.

Just as one example, Southern California saw a significant decreasing trend in ambient
temperatures as large-scale agriculture and orchard cultivation took hold at the turn of the previous
century, with yearly high temperatures dropping almost as low as 35 degrees Celsius by about 1930.
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Then, urbanization became the ecologically dominant force in land cover and land use change, and
the yearly high temperatures began a fairly steady increase, which has continued into the present [14]
(p. 56).

The insertion of ecologically appropriate species of trees and vegetative cover into the urban
fabric can be at least as powerful a transformation of the ecosystem processes and functions that
support the city, as was their displacement by impervious surfaces. In the particular context of urban
heat island mitigation, the most obvious way in which trees help is by physically interjecting shade
into our built landscape, thus reducing the heat loads on the walls and immediate surroundings
of our urban environment. Shade alone may provide a significant reduction in heat flux, reducing
the amount of heat transferred through walls and roofs into the interior spaces by as much as 16 to
27 degrees Celsius, and thus directly reducing the amount of cooling work needed to be done by our
air-conditioning systems.

3.4.1. Soil-Vegetation Evaporation and Transpiration as Cooling Processes

However, there is a subtler, though at least as effective, process of cooling that is a by-product
of tree and plant growth. Vegetation draws up water from the soil below, through its root structures,
and some of this water is released in the form of moisture by the foliage (transpiration) and by the soil
itself (evaporation), so cooling the lower atmosphere. The soil-vegetation complex acts to enhance
this natural process of evaporative transpiration, or evapo-transpiration. This process can be a major
influence in micro-climate cooling, as walking under a broad, leafy tree on any hot, dry summer
afternoon will directly demonstrate. Evapo-transpiration processes can generate estimated reductions
in local ambient temperatures of 5.0 to 7.5 degrees Celsius, on a typical summer afternoon [35–37].
This cooling effect is more pronounced in dry, semi-arid climates such as Southern California.

3.4.2. Green Roofs for Heat Insulation and Storm-Water Retention

A different, but equally effective and promising strategy is the widespread introduction of what
are coming to be called “green roofs”, or roof-top gardens. As Oberndorfer et al. [38] (p. 823) point
out, green roofs provide multiple ecosystem services in urban ecosystems, “including improved
storm-water management, better regulation of building temperatures, reduced urban heat island
effects, and increased urban wildlife habitat”.

Both through extensive experimentation and through materials innovation, green roofs are now
poised to significantly help restore nature and natural processes back into the built urban environment.
Broadly speaking, there are two sorts of green roofs—extensive and intensive. Extensive green roofs
are usually thin layers of vegetative growing media, typically six inches or less, spread over large
expanses of roofing, with some suitably durable and hardy species of ground cover, such as one of
the many varieties of sedum. “The challenge in designing extensive green roofs is to replicate many
of the benefits of green open space, while keeping them light in weight and affordable. Thus, the
new generation of green roofs relies on a marriage of the sciences of horticulture, waterproofing, and
engineering” [39].

Green roofs have evolved, in recent years, from being thought of as an additional burden to be
placed on roof structures to being seen now as an additional protective covering that helps shield the
waterproofing membranes of conventional flat or very low slope roofs from heat stress. Experimental
tests seem to indicate that well-designed and properly constructed extensive green roofs may help
extend the life of the waterproofing membrane and of the roof structure itself, even as they insulate the
enclosed spaces from the worst ravages of the summer sun [15].

As a heat island mitigation strategy, green roofs are different from albedo modification and
urban forestry in that their primary functional action is to physically insulate the roof membrane.
Certainly the albedo of such green roofs is likely to be higher than that of conventional (particularly
normal asphalt) shingles. But, when compared to the albedo of most materials normally used for their
heat-reflective properties (titanium-dioxide treated white shingles or some of the more contemporary
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membrane materials), the benefits are likely to be nominal. There is certainly an evapo-transpirative
effect, but since it plays out in the rather narrow zone immediately above the ground cover, its
heat-reducing actions, either locally or regionally, are again likely to be nominal at best.

However, extensive green roofs do have one additional advantage, in that they can be designed to
deliver, at little increase in cost and performance, virtually any desired level of storm-water retention.
A 50% reduction in runoff is almost the default setting, and additional gains are easily made. Designers
across the world have worked very extensively with green roofs, and case studies are available across
a very wide range of siting conditions and using different technologies, making comparative analysis
possible. Most researchers who have worked with green roof technologies seem to be clear that these
technologies, with some little care and attention in execution, are consistently reliable and do, indeed,
deliver the range of benefits that theoretical calculations suggest.

3.4.3. Green Façades and Living Wall Systems for Heat Island Mitigation and Air Pollution Control

Extending the discussion of green roofs to the remaining skin of the building envelope, it is worth
noting recent developments in our understanding of green facades and living wall systems [40,41].
Essentially, vertical panes of vegetation are used to envelope either exterior or interior walls
of buildings. These provide multiple benefits—reducing energy consumption by improving the
thermal performance of the building, mitigating the heat island effect, mitigating noise pollution,
improving indoor air quality, improving health and well-being, and more generally, enhancing urban
biodiversity [40] (p. 2).

There are a number of ways in which green façade and living wall systems can be implemented.
Pre-planted panels can be attached structurally to the wall, with an integrated irrigation system.
Alternatively, felt pockets with growing medium can be attached against a waterproof membrane,
with nutrient-laced fluids being used to keep the system moist at all times. A third alternative involves
the use of planter boxes and a system of trellis-work. Such systems can be used on both eternal walls
and interior vertical surfaces. In the latter case, it is not uncommon to link the living wall with the air
conditioning and circulation system of the building, to capture the air purification and humidification
benefits of the vegetated system.

While the aesthetic, air quality and noise pollution mitigation benefits of such systems are quite
clear, it is not at all obvious that—at a systems level—green façades and living wall systems are
economically viable. But research has started to emerge that seeks to establish the comparative life
cycle analysis and the cost-benefit analysis of such vertical vegetation systems [41,42].

3.4.4. Urban Forestry and Landscape Ecology in Air Pollution Mitigation

Heat island mitigation measures that include strategic and intensive tree planting can
cumulatively reduce local ambient temperatures by between 2.0 to 4.0 degrees Celsius. As discussed
earlier, this reduction in local temperatures can potentially reduce the formation of tropospheric ozone
(smog) by up to 20%.

An additional and not insignificant benefit to urban ecology derives in the case of Southern
California, from the implementation of tree planting ordinances for downtown surface parking lots
and car dealerships. This is particularly salient in the case of Los Angeles County, where little effort
is currently made to implement or enforce any such minimum tree cover measure, and acres of cars
can be seen sitting baking in the sun all day. A 50% tree cover ordinance would go a long way
to mitigating the range of adverse environmental impacts from these typically treeless expanses of
impervious surfaces [43–47]. Not only are there measurable benefits to be realized from the reductions
in evaporative emissions from such parked vehicles, but substantial storm-water and ground water
benefits would accrue as well, both in terms of storm-water mitigation and in terms of ground water
recharge. This is especially true if tree-planting ordinances are combined with land-cover management
techniques such as the use of porous pavement and pervious concrete, implemented in appropriate
ways [19,48–50].
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These reductions in local ambient temperature have the additional benefit of decreasing the
need for air conditioning during peak demand periods—that is to say, in the summer and in the
mid-afternoon. This decrease reduces the region’s need for cooling energy, particularly in the residential
context, as Rosenfeld et al. [13] and Taha [32] point out, in turn reducing the demand for electricity
generating capacity, and so indirectly reducing emissions from power plants. Of course, power plants
supplying electricity to a particular region, such as Southern California, may or may not be located
in that region. And nuclear power plants are also an exception to this case. But, in most instances,
some air pollution benefits can be expected to accrue from this reduced demand for air conditioning
energy. Beside toxic ozone-precursor emission reductions, a substantial abatement of greenhouse gas
emissions can also be attributed to such heat island and urban forestry sorts of interventions.

An additional and related air pollution control benefit accruing directly from increased use
of ecologically appropriate species of trees and vegetation is the capture and sequestration of
carbon dioxide (CO2), a significant greenhouse gas, through the natural process of photosynthesis.
Rosenfeld et al. [13] (p. 57) suggest that urban trees may provide three times the CO2 reduction benefits
than the same trees planted in forests or in non-urban areas. This reduction occurs because, in urban
environments and besides the direct sequestration of carbon into the biomass through photosynthesis
(which might be in the order of about 5 kilograms of carbon), these urban trees may also reduce energy
consumption for air conditioning if they are appropriately sited so as to provide direct shading to
buildings, by as much as 15 kilograms each year. Nowak and Crane [51] (p. 387) estimate that urban
trees, through a combination of direct carbon sequestration and carbon dioxide emission avoidance,
may provide four times the GHG reduction benefits of the same tree planted in a forest stand. As such,
projects that seek to implement tree planting as a net carbon sequestration strategy should consider
prioritizing the planting of trees in urban environments, particularly in cases where these trees might
directly and indirectly shade air conditioned buildings, as their return on investment will be much
higher than if they were to fund similar projects in forest or rural areas.

Besides direct local shading and local cooling through evapo-transpiration, another local air
quality benefit accrues from the ability of leafy trees to trap fine and ultra-fine particulate matter
onto their leaf surfaces. The dense planting of otherwise low-biogenic emission tree species [52–54]
downwind of dust pollution sources such as traffic corridors with high volumes of, for instance,
truck traffic, would substantially reduce human and ecological exposures to toxic exhaust gases in
strategically identified “hot spots”, generating potentially substantial environmental health benefits.

3.5. Impervious Surface Management and Landscape Ecology for Storm-Water Retention and Groundwater
Recharge

The extent to which our cities are marked by the spread of impervious surfaces is a powerful
indicator of our ecological footprint, and of the weight of our tread upon the land. A variety of
strategies are available to us to mitigate the ecological impacts of roofs, roads and paving. We can
insert trees and vegetation into our urban landscapes far more copiously than is our current practice,
taking care to choose species of trees, shrubs and ground cover vegetation that are well adapted
to local ecosystem conditions. We can advocate strongly for the conversion of conventional urban
and suburban lawns, which intensively use irrigation and chemicals, to xeriscape sorts of plants and
vegetation. We can begin to popularize the use of green roofs, which will do quite well in Southern
California with thoughtful design and appropriate selection of cover species, such as the wide variety
of sedum, which are able to thrive with little on-going maintenance.

A variety of porous materials are also available for parking lots and for paving, which, when
combined with rainwater harvesting technologies, can substantially increase groundwater recharge
even as they dramatically reduce storm-water run-off [19,48–50].
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4. Implications

4.1. Letting Nature Back into Our Cities, Using Ecological Processes, Functions and Landscape Management

Conventional building practices result in increased ambient temperatures due to the proliferation
of heat-absorbing surfaces, reduced groundwater recharge and increased urban storm-water runoff.
Constructing tree-less parking lots, placing non-native vegetation in ornamental gardens and
synthetically maintained lawns, result in a patchwork appropriation of land uses, increased air and
water pollution, more biological and material heat stress, and ultimately, the deepening separation of
humans from nature.

Rather than using locally appropriate building materials and climatically adapted dwelling types,
we choose instead to capitalize on what seem, in the short term and in some narrowly defined way,
like the clear economic benefits of mass-production mass-culture. Of course, we must then compensate
for the ecological consequences of such narrowly constructed choices through the increased use
of air conditioning and heating, single-occupancy automotive transportation, and the ever-greater
importation of water and electricity. And so it is, that by denying ecology, we come to live more heavily
upon the land.

Fortunately, it need not be so. We can let nature back into our cities, using intelligence and
trees and native vegetation to lighten our tread. These strategies from urban ecology can, together,
provide many of the infrastructure benefits our contemporary society needs. Heat island mitigations,
urban forestry, and impervious surface management can drastically reduce air and water pollution,
significantly increase our natural water supply, substantially strengthen the connectivity of the rich
and diverse habitats within which we dwell, and at the same time considerably mitigate that massive
transfer of below-ground carbon into the atmosphere due to our civilization’s reliance on fossil fuels.

Heat island mitigation measures use lighter colored and heat reflecting building and paving
materials for sunward oriented surfaces, to reduce peak afternoon loads on our electricity supply
infrastructure, and to substantially extend the life of the building materials themselves, by reducing
heat stress. Urban forestry uses ecologically appropriate species of trees and shrubs strategically
planted to shade our buildings, to cool the air through the entirely natural processes of evaporative
transpiration, to capture dust particles upon their copious leaf surfaces, to capture and store rainwater,
and penetrate the soils to increase groundwater recharge. Impervious surface management would use
innovative and by now well-tested materials technologies to make our downtown parking lots more
porous, while deploying drought-resistant xeriscape plants which naturally need less water to grow
across our lawns and gardens. Together, and cumulatively, these green infrastructure measures would
reduce our ecological footprint, and at the same time increase the effective carrying capacity of land.

The key elements to such an ecosystem approach to ecological planning require: that we give due
consideration to the sometimes intangible processes and functions that drive occurrence in reality; that
we conceptualize complex systems as being organized into nested levels; that we give attention to
the power of multiple spatial, temporal and organizational scales to reveal different relevant aspects
of reality; and that we properly select multiple depictive boundaries that simultaneously respect the
ecological elements of structure, pattern and process [55,56].

4.2. Pulling It All Together: Humans as Components of Ecosystems

Integrating our cities and urban regions back into nature is an objective we should take seriously,
both because it reduces adverse environmental impacts, thus reducing pollution treatment and
remediation costs, and because such a strategy, if based on research-based knowledge derived from
contemporary ecosystem ecology, landscape ecology, and urban ecology, would significantly reduce
the ecological footprint of human habitation, thus effectively improving how we interact with planetary
carrying capacity. Together, these potential benefits provide a sound and savvy science-based approach
to contemporary regional sustainability planning.
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Urbanizing habitat conservation planning, by percolating ecologically appropriate landscape
elements back into the city, would move regions such as Southern California, with their high incidence
of pressured, at-risk, threatened and endangered species, away from a reactive “crisis management”
approach to a more sustainable, nurturing and proactive approach to integrating our cities back
into nature.

The approach advocating for the adoption of albedo-modifying heat island mitigation measures,
when combined with urban forestry, impervious surface management, and xeriscape sorts of
ecologically appropriate vegetation, represents one example of innovative connections that wait
to be made across conventionally disparate and insular sub-disciplines making up the planning
structures of regional governance [55].

Taking a landscape ecology approach to regional land cover management in urbanizing areas
would, in itself, strengthen habitat integrity, reduce pressures on nature conservation planning, reduce
energy consumption, improve air quality, reduce storm-water runoff, reduce urban runoff pollution,
enhance groundwater recharge, enhance community livability, allow the inculcation of a cultural
connectivity with ecological processes and functions, and so, quite directly, with nature. Arguably,
acting reflectively and self-consciously to take account of such usually ignored processes and functions
would also strengthen the robustness of the way everyday planning and decision making happens at
the community and city level.

And, at the very least, such an integrative approach to regional planning would foster synergistic
support across conventional planning disciplines, with transportation planners, air quality planners,
water quality and supply planners, urban foresters, land use planners, habitat conservation planners,
community development planners, natural resource planners, energy planners, and so on, both
providing support to, and receiving support from, one another.

A quite specific sort of ecosystem approach based on nested scale hierarchic or process-function
ecosystem ecology does, in very pragmatic ways, provide us with the tools to create richly informative
descriptions of otherwise complex spaces. The “dilemmas in a general theory of planning” posited
by Rittel and Webber in their classic characterization of complex systems as “wicked problems”, are
indeed amenable to planning [57]. But only if we are astute enough to recognize their assertion that
the tools from “tame” problem planning cannot be applied, in and of themselves, to complex systems.
And then we need to see that there are indeed ways in which we can engage these complex systems in
meaningful conversations that generate outcomes more desirable to the greater good and across levels
of organization [55].

We need to grow from a merely reactive and mechanistic problem-solving approach that attempts
to singularize issues to make them easier for us to wrap our heads around, toward a planning that
embraces the adoption of an adaptive management-based ecosystem approach. This approach needs
also to be grounded firmly in techniques for making rich depictions that allow us to get a better handle
on complexity [56]. Respect for, and especially a deep appreciation of, complexity is necessary. But we
have the means for constructive engagement as well.

5. Synthesis: Hallmarks of an Ecosystem Approach to Making Rich Depictions under Complexity

Attention to context and consequence are the hallmarks of an ecosystem approach to planning,
under conditions of complexity. Nested scale-hierarchic process-function ecosystem ecology offers
some very useful tools for generating pragmatic descriptions in environmental planning [56].
To summarize, and as prelude to demonstrating an application of such an ecosystem approach
to regional urban planning in the particular case of Southern California, three key points need to be
underscored:

(1). System connectivity counts—the ecological consequences of specific actions cut across spatial,
temporal and functional scales, and must be traced across levels of organization.
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(2). Processes and functions may matter more than morphological entities and events—occurring
actuality may trump perceived reality in coming to know ecological consequences.

(3). Multiple boundaries and scales must be chosen deliberatively, and across levels of organization,
using functionally appropriate and diverse spatial, temporal and organizational scales, to richly
capture ecological context.

Put differently, the core elements of an ecosystem approach to decision making under
conditions of complexity consist of the self-conscious and reflective use of a multi-perspective,
multi-criteria, multi-scale, multi-boundary approach to making operational descriptions, using the
levels-of-organization concept to structure the planning domain under consideration, and paying
particular attention to the processes and functions that may or may not be directly evident to human
sensory perception [56].

Planning, as the craft of societal deliberative decision making, has already begun the work of
integrating the instrumental dimensions of the sustainability imperative. Two of the keys to the
sustainability puzzle are embodied in: (a) the recognition of the need for a multi-factor, multi-criteria,
multi-perspective approach to describing the contextual characteristics of decision phenomena;
and (b) the need for an inter-temporal, inter-generational perspective in tracing consequence.
The next step in the realization of a genuinely ecological approach—that is to say, taking on
complexity fearlessly, while getting beyond the metaphoric imagery and the jargon of holism, the
everything-is-connected-to-everything-else sorts of stuff—is an expansion of this view of sustainability
in two directions.

First, we must broaden our ideas of system formation to accept ecological processes and functions
as the real and proper “objects of concern” for regional environmental planning. This requires that we
train ourselves in the sophisticated choosing of multiple functionally relevant boundaries. And also
that we expand our ideas of scale beyond our current recognition of spatial and temporal dimensions,
by integrating organizational and functional scales as well.

On the second front, and perhaps more urgently, we need to train ourselves in the
trans-disciplinary application of knowledge, both across other disciplines and within our own. We
must learn to speak in different tongues, becoming comfortable in diverse disciplinary cultures. Much
of this work has already been done, as a survey of topics covered at almost any planning conference,
or the interests of almost any cohort of planning students will demonstrate. We just need to get more
systematic about this. And we need to reach across the divides that fragment our own discipline as
well. Air quality planners should seek out habitat conservation planners, who should talk on a regular
basis with water quality planners, who should be working closely with land use planners, who should
be talking with the urban forestry folks, who should be working side-by-side with the community
economic development planners, and so on.

Of course, none of this is really new. Calls to multi-disciplinary holism stretch back as far as
recorded memory can see. What has changed is the ecological frame—evolutionary scale hierarchic
ecosystem ecology—within which we can now situate a truly ecological planning practice. We
have seen complexity in all its richness, and blinking doesn’t make it disappear. We can move
away and move back, and still see reasonable approximations of what we were looking at earlier.
It is our conceptual imagination that has expanded—not displacing old ways of knowing, but
incorporating them into an overarching ecosystem approach. And with the advent of new technologies
in computer networking and the internet, we can begin to become savvy in decentralized and
democratic information management, so as to lower the information costs of taking a truly adaptive,
response-sensitive management-based approach to engaging the complex sorts of problems with
which we most need to deal.

Living as we do in our four-dimensional world, the craft of planning practice requires us to
broaden our scope so as to integrate across sub-disciplines. We need to extend our conception of
how the world actually works so that we can give due consideration to processes and functions as
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the building blocks of nature. We need to extend our descriptions of phenomena both inward and
outward, across levels of organization, so as to better take account of context.

And we need to reach across time-event horizons so as to better appreciate consequence. By
accepting the premise—that reality is better described as exhibiting nested structures, which are shaped
in their actuality by processes and functions, and requiring the use of multiple perspectives, boundaries
and scales in their telling—we come to a place where we can begin the business of incorporating the
constraints and principles articulated by Rittel and Webber [57]. The strategic and systematic breaching
of the constructed, but now deeply entrenched, boundaries our technologies have allowed us to create
between the “human” and the “natural”, by integrating within and across levels of organization, and
again by expanding our world-view to incorporate processes and functions as the stuff the world is
actually made up of, allows us to both embrace the contextual richness illustrated by Holling and
Goldberg [58] and to realize what some ecologists have already begun to see—that humans, properly,
are indeed components of ecosystems [59,60]. Then we can get down to the business of getting humans
back into nature, and thus of placing our cities back into their ecological context.
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Abstract: Mixed land-use development is the integration of different land-use functions like
residential, commercial, recreational, and institutional in an urban sector or a neighbourhood.
Integrating transport and land-use mix is one of the goals of planning policies around the world.
Prior studies mention the benefits of mixed land-use development towards creating sustainable
environment, but do not specify the proportion of the mix of compatible land uses. This study
attempts to assess the sustainability of the neighbourhoods with mixed land-use in the context of the
Nagpur city, India. Residents’ travel behaviour in twelve neighbourhoods is studied by means of
indicators namely trip lengths, mode of travel, vehicle ownership, and travel expenses. To investigate
the users’ insight, the study further examines residents’ perception with the help of parameters such
as safety, satisfaction, pollution, and mix. The sustainability indices are computed for both residents’
travel behaviour and perception, for each neighbourhood. The study revealed that neighbourhoods
with high and moderate land-use mix are sustainable with travel behaviour. Residents’ perception
sustainability index indicates neighbourhoods with moderate land-use mix are more sustainable than
those with high and low land-use mixed neighbourhoods. This study advocates stakeholders’ insight
and the proportion of mix in land-use planning decisions.

Keywords: sustainability index; mixed land-use; neighbourhood; travel behaviour; perception

1. Introduction

Mixed land-use development is about co-existence of more than one type of land-use function
like residential, commercial, recreational, educational, etc. in a specific area. It gives emphasis on
higher intensity and diversity of land uses [1]. It is a key component of many development trends,
including traditional neighbourhood development, transit oriented development, new urbanism,
liveable communities, and smart growth principles [2]. These development trends act as a strong
proponent to create a sustainable environment [3–7]. The land-use mix is associated with certain
externalities both in terms of benefits (proximity, vibrancy, and social bonding) and cost (over loaded
infrastructure and pollution), creating either a sustainable or unsustainable built environment. Prior
studies mention that areas with mixed land-use are more sustainable than segregate areas [6]; however,
the proportion of the mix of compatible land uses for sustainable development is not understood.

Traditionally, Indian cities had mixed land-use characteristics [8] with a high mix of commercial
and residential uses. Over time, the residential land-use has been replaced by commercial activities
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due to economic market pressures [9,10]. Other areas in the city have a moderate mix in sub-centres or
along a major road. It is obvious from the current state of Indian cities that land-use mix when left
uncontrolled leads to the issues of environmental externalities related to mixed land-use. Thus, there is
a need to investigate the range of the land-use mix that will enhance sustainability. To investigate this,
the neighbourhood scale is appropriate as it provides both residential and non-residential functions [11]
and connects communities and dwellings to the wider urban context.

There are various factors like the density, transport facility, travel behaviour, and socio-economic
aspects which influence mixed land-use development. Amongst the various factors that affect mixed
land-use, transport and land-use mix (as part of urban form or built environment) are strongly
interrelated and integrating them is one of the goals of planning policies around the world [4,11–16].
Reid states, the measures of travel demand [trip frequency, trip length, vehicle-miles of travel (VMT),
and mode choice] are the functions of socioeconomic and built environment [17]. Leck also supported
these variables along with vehicle-hour travel and travel frequency influencing density and mix [18].
Trip generation, trip distribution, modal split, and route assignment also influence travel demand [19].

1.1. Mixed Land-Use and Transport

In a mixed land-use area, as various activities are in close proximity, they support sustainable
forms of transport (walking, cycling or transit) [20]. Professional services are permitted in residential
areas in few Master plans [21]. Different studies in the past reveal the advantages of mixed land-use
supporting sustainable transport, health wellbeing, and reduction of air pollution. Mixing of uses near
the employment destination is found to reduce travel demand [13]. Land-use mix reduces personal
vehicle travel and significantly increases walking and cycling [16]. Increased walking has a direct
connection to health wellbeing. The performance of the body mass index model with mixed land-use
suggests that the presence of mixed land uses improves walk-ability [12]. Neighbourhoods with mixed
uses facilitate the use of non-automobile travel modes and shorten car trips, thereby reducing vehicle
greenhouse gas emissions [22,23].

1.2. Mixed Land-Use and Social Aspects

Social aspects also influence mixed land-use development. A mixed land-use environment creates
social benefits favouring the residents [24]. A mix of diverse housing types based on income, functions,
and forms provides residents with multiple choices when selecting their abode. A fine-grained mix
of attractive destinations and good aesthetic qualities like tree cover in a neighbourhood supports
walking for various activities and also for pleasure [25]. Dwellers in neighbourhoods with mixed
land-use are more likely to use public spaces [26]. A neighbourhood with mixed land-use promotes
a high level of activity on the street, keeping it safe. Children feel safe to play or cycle, elderly meet
and talk, and strangers feel they are intruding [27]. Community cohesion, interaction, and sense of
belonging are strong in a mixed land-use community. People perform diverse activities (live, shop,
play, and work) in the same environs. The frequencies of their meeting, greeting, smiling, and talking
increase. Neighbourhoods with mixed land-use provide convenient access to people and places and so
residents and workers prefer such neighbourhoods for a balanced life [4].

An insight of the social aspects can be gained with the help of the stakeholders’ perception. In a
neighbourhood residents are the prime stakeholders. Residents’ perception presents the inhabitants’
views about the socio-physical services and other aspects of life in their local areas. An insight
can be sought on various aspects of the neighbourhood such as diversity, vitality, attractiveness,
health, safety, satisfaction, community cohesion, interaction, a sense of belonging, and quality of life.
Residents’ perception includes community participation, provides an insight on the current status,
and reveals the focus area where improvement is needed. This tool is used to assess sustainability
aspects. The residents’ self-report tool is used to create, a neighbourhood sustainability framework
for New Zealand. Behaviours, perceptions and experiences associated with their neighbourhoods
are used to get information on the built environment (land-use mix and density) [11]. Residents’
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perception has been supported in prior studies to provide a robust understanding of various aspects of
sustainability like mixed land-use, travel behaviour, environment, density, connectivity, social benefits,
etc. [12,28–30].

1.3. Need Identification: Mixed Land-Use—Residents’ Travel Behaviour and Perception

The interaction of mixed land-use with transport supports sustainability, but the proportion of
mix has not been specified in prior studies. Hence, this study attempts to investigate the same with
the help of residents’ travel behaviour in the mixed land-use neighbourhoods. Travel behaviour is
the study of how people use transport. It probes into the number, pattern, and purpose of trips,
destinations, modes, route choices, etc. [31,32]. Besides these parameters age, gender, status, values,
self-selection, attitude, and lifestyles also influence travel behaviour [28,33]. As residents’ perception
provides an insight of the neighbourhood, this study is further extended to investigate the residents’
perception in the mixed land-use neighbourhoods.

The neighbourhoods are selected based on the high to low mix of commercial and residential
land-use in the urban context of Nagpur, India. Residents’ travel behaviour and perception in the
neighbourhoods with mixed land-use is presented in terms of the sustainability indices.

Travel behaviour studies the residents’ travel habits like commuting distance, mode of travel,
vehicle ownership, and expenses on travel, while perception examines residents’ opinion, feelings,
safety, satisfaction, and mix indicators. Though the residents’ travel behaviour and perception are less
related, the study tries to compare the sustainability indices of these two domains. The purpose of
this study is to explore the sustainability of varying land-use mixed neighbourhoods. It addresses the
following research questions:

(1) Whether the inhabitants of mixed land-use neighbourhoods support mixing, and if they do, then
how much mix is supported to achieve sustainability?

(2) Are the sustainability indices of residents’ travel behaviour and perception similar or different?

The organization of the paper is as follows. The introduction presents the mixed land-use and its
influencing factors. It further states the need to conduct the study in the neighbourhoods with mixed
land-use (through residents’ travel behaviour and perception indicators) to achieve sustainability.
The second section describes the methodology (data, indicators, results, and observation) in three
stages; (a) study area; (b) residents’ travel behaviour; and (c) perception. The third section presents the
sustainability index model (normalization, weights and aggregation) and discusses the findings. The
last section concludes the study.

2. Methodology and Data Presentation

The methodology is divided into three stages (refer Figure 1). The first stage elucidates the study
area selection criteria. Twelve neighbourhoods spread across the city, with varying residential and
commercial mix were selected for the study. Entropy index is used to measure the land-use mix for
these neighbourhoods.
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Figure 1. Methodology adopted for the study.

In the second and third stages, residents’ travel behaviour and perception is studied. Household
survey is conducted to understand various aspects like trip length to various destinations, travel mode,
vehicle ownership, safety, satisfaction, pollution, social interaction, etc. of residents’ travel behaviour
and perception. Travel behaviour is studied with the help of quantitative indicators while perception
is studied using qualitative indicators. Although a variety of indicators could have been used to
operationalize sustainability index, the study is restricted to eleven travel behaviour indicators and
twelve perception indicators.

Indicator scores are used to compute the sustainability index for each neighbourhood under travel
behaviour and perception domains. At the end, the sustainability index score is correlated with the
land-use mix measure (entropy index) to identify the relationship.

2.1. First Stage—Study Area: Neighbourhoods in Nagpur City, India

Nagpur is centrally located in the country and well connected to major cities in India by air, rail,
and road. It acts as the key administrative, business and institutional centre for central India. The
total area of Nagpur Municipal Corporation is 21,756 hectares. The Nagpur city has a population of
2,405,665 as per 2011 census with a gross density of 110 persons per hectare. Nagpur is ranked the
thirteenth largest urban agglomeration in India [34].

There is an observed pattern of a varying land-use mix within the city. The core has a dense
mixed land-use environment that has evolved over time. These areas have high land and rental
value making it less feasible for pure residential use so mixed land-use exists. There are planned
and semi-planned areas with a balance of residential and non-residential activities. Sprawled areas
near the fringe are partly planned and partly unplanned plotted development with residential and no
commercial use [27].
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2.1.1. Selection Criteria for Neighbourhoods

There are different typologies of neighbourhoods within the Nagpur Municipal Corporation
limit, each with a different land-use mix. The city-core has a dense mixed land-use environment
evolved over time. In these areas more commercial land-use prevails due to the high land and rental
value making it less feasible for pure residential use. The other areas of the city are planned and
semi-planned with a moderate mix of residential and non-residential activities. The sprawled areas
near the fringe are partly planned and partly un-planned plotted development with residential and no
or little commercial use [27]. The development potential is bringing changes to the existing land-use
pattern of the city. Whether this change is creating sustainable or unsustainable environ for the city
needs to be explored. An attempt is made to study the sustainability status of neighbourhoods with
varying mixed land-use.

Twelve neighbourhoods (NH1 to NH12) under four categories (L1 to L4) of varying residential
and commercial mix were selected for the study (refer to Table 1 and Figure 2). Within a category the
age of the included neighbourhoods and their socio-economic characteristics are similar.
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Figure 2. Spatial location of the selected neighbourhoods in Nagpur City.

2.1.2. Sample Selection

The procedure for selecting the sample size is important since the study depends on data surveyed.
Simple random sampling across the twelve neighbourhoods with uniform stratification was carried
out. The initial sample size n1 is calculated by Equation (1a). The size of population is adjusted using
Equation (1b), but this has an effect on the small and moderate size populations. In this study n1/N is
negligible, so assumed n2 = n1. The design effect is the ratio of the sampling variance of an estimator
under a given design to the sampling variance of an estimator under the simple random sampling of
the same sample. The design effect is accommodated by Equation (1c). Finally, the response rate is
adjusted to determine the final sample size by Equation (1d) [35].

n1 =
z2P(1 − P)

e2 (1a)

n2 = n1
N

N + n1
(1b)

n3 = de f f × n2 (1c)

n =
n3

r
(1d)

The assumptions and constants used for the above equations are: the total population of twelve
neighbourhoods (N) which is 216,829; margin of error (e) is taken to be 6%; confidence level is 95%
so (z) is 1.96; population variance (P) is 50%; design effect (deff) for simple random sampling is 1 and
response rate (r) is 75%.
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Using the above technique n1, n2, and n3 is 268 and the final sample n is 357. Thus, total samples
considered for the study is 360. Carrying out uniform stratification, each study area is allotted
30 samples.

2.1.3. Measuring Land-Use Mix

Measuring land-use mix is critical to mix land-use studies and there have been numerous methods
of measuring like entropy index, dissimilarity index, distance to walkable destination (amenities and
transit stops), and the number of amenities available within a certain distance [12]. Entropy index
quantifies randomness, segregation, diversity or compressibility in the data. Land-use mix exhibits a
pattern of combination and segregation of different land uses. So, entropy index is the most widely
accepted and commonly used index by researchers for representing the land-use mix within geographic
area [12,13,15,36,37]. Crevero [13] derived the entropy Equation (2a) as:

Entropy Index = (−1)× ∑
j

Pj × ln
(
Pj
)

ln (J)
(2a)

where, Pj is the proportion of developed land in the Jth land-use type. Frank described the evenness of
the distribution of built square footage among seven land-use categories as single family, multi-family,
retail and service, office, entertainment, institutional and industrial and later for a three-category mix
of residential, commercial, and office [36,37].

Entropy index varies between 0 and 1, wherein 0 indicates single use (homogenous) and
1 maximum land-use mix (heterogeneous).

The existing land-use distribution for each neighbourhood is plotted on the base map through a
field survey. High resolution is used for the base map which is at plot or property level. The entropy
index is computed for commercial and residential land-use by Equation (2b).

Landuse Mix Entropy Index (EI) = (−1)×
[(

b1
a

)
× ln

(
b1
a

)
+

(
b2
a

)
× ln

(
b2
a

)]
ln(n)

(2b)

where, a is the total area in square meter of two land uses, b1 is the commercial land-use area in square
meters, b2 is the residential land-use area in square meters, and n is 2 (total number of land uses in the
mix). Table 2 shows the entropy index of the neighbourhoods. The neighbourhoods are placed in the
descending order of entropy index values in each category.

Table 2. Entropy index of the selected twelve neighbourhoods.

Category Levels L1 L2 L3 L4

Neighbourhoods NH1 NH2 NH3 NH4 NH5 NH6 NH7 NH8 NH9 NH10 NH11 NH12
Entropy Index 1.00 0.95 0.78 0.78 0.77 0.71 0.35 0.30 0.17 0.21 0.08 0.12

2.2. Second Stage—Residents’ Travel Behaviour: Indicators, Results, and Observations

Travel behaviour explores the accessibility, mode, vehicle ownership, and expenses related to
travel. The study on residents’ travel behaviour is based on measurable indicators (refer Table 3). Each
indicator score is computed from the household survey and the average score is taken for analysis.
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Table 3. Travel behaviour (quantitative indicators).

Indicator Set Indicator Description

Accessibility to land-use destination
(Trip length of travel in kilometres)

1. Trip length for Work
2. Trip length for Shop
3. Trip length for Vegetable market
4. Trip length for School
5. Trip length for College
6. Trip length to Health facility
7. Trip length for Restaurant/Theatre
8. Trip length for Garden

Travel Mode to work 9. Percentage of Sustainable Mode (Walk + Cycle + Transit)

Vehicle Ownership 10. Two-wheelers and Four-wheelers {Converted to Passenger Car
Unit (PCU) for uniformity}

Travel Expenses 11. Percentage of Income spend on travelling

2.2.1. Accessibility to Land-Use Destinations

The trip length is the actual network distance travelled by the residents from their own residence
to various destinations. The trip length to various destinations is computed from the survey report.
The selected destinations are workplaces, shops, educational institutions, health amenities, and
recreational areas.

The trip lengths to different destinations vary across the neighbourhood categories (refer Figure 3).
The proximity to the amenities is directly proportional to the number of trips. In NH1, due to
commercial dominance, only those people having their workplaces in the same neighbourhood reside
there, while others have migrated to different parts of the city leaving their residential space for
commercial use. It is observed that the high land-use mix in neighbourhoods results in more residents
having their workplaces within 25 meters (assumed as work from home). This indicates the proximity
to the workplace in high land-use mix areas. In the higher income group (HIG), children travel more
than 5 km in all neighbourhoods to reach school. Residents from low land-use mix areas (NH11 and
NH12) move outside the neighbourhood to access almost all amenities and travel around 9.5, 5.5 and
4.5 km on an average for work, school, and health facilities respectively.

2.2.2. Mode of Travel

Mode of travel to the destination includes two-wheeler, four-wheeler, walking or traveling by
cycle, para-transit (motorized cycle rickshaw), and bus. High walkability is noted in areas with high
land-use mix (refer Figure 4). The mode share of public transport does not show a relationship with
the land-use mix which indicates that the land-use mix does not promote or discourage the use of
public mode. Instead, residents prefer to use a personal vehicle rather than public transport. In L4
category, due to greater commuting distance to work, residents do not prefer to walk or cycle.
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Figure 3. Access to various land-use destinations.

Figure 4. Travel mode percentage for work trip.

2.2.3. Vehicle Ownership

Vehicle ownership is recorded in terms of the number of cycles, two-wheelers, and four-wheelers.
Vehicle ownership per household is calculated in terms of percentage (refer Figure 5). Nagpur is a
two-wheeler city, where two-wheelers contribute to 55 percent of all mode of transport share and
65 percent of non-motorized mode share [38]. It is observed that irrespective of the income group and
neighbourhood type, two-wheeler ownership is high and constant. Vehicle ownership is observed
to be linked with the income levels as cycle ownership is high in neighbourhoods with low income
residents (NH7) whereas, car ownership is higher in neighbourhoods with high income residents
(NH5 and NH10). However, many residents in high mix (L1) neighbourhoods reported that, they can
afford a car but are discouraged to own one due to the unavailability of parking space and congestion.

216



Sustainability 2015, 7, 12164–12189

Figure 5. Vehicle ownership in percentage.

2.2.4. Travel Expenses

The average household income of residents from NH4, NH5, and NH10 is high, and that of
residents from NH7 is low; the income of inhabitants from other neighbourhoods is in a similar range.
Total travel expenses per month are calculated as a sum of spending for different destination trips and
the maintenance of the vehicles (refer to Figure 6). It is observed that residents in neighbourhoods
with high land-use mix spend less and those living in neighbourhoods with low land-use mix spend
more on travel.

Figure 6. Percentage of household income on travel expenses per month.

2.3. Third Stage—Residents’ Perception: Indicators, Results and Observations

The study of perception tries to understand residents’ perception about the neighbourhood in
the context of safety, satisfaction, pollution, interaction, and mix. This insight is obtained through
a household survey. The questionnaire is formulated on the five-point Likert scale (LS) (scored as
1-strongly satisfied; 2-satisfied; 3-neither; 4-dissatisfied; and 5-strongly dissatisfied) and “yes/no”
(Y/N) answers nominal scale as mentioned in Table 4.
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Table 4. Residents’ perception (qualitative indicators).

Indicator Set Indicator Description

Safety and Satisfaction

1. On street Safety (Y/N)
2. Satisfied with amenities in NH (Y/N)
3. Wish to shift from current NH (Y/N)
4. Part of Social Group (Y/N)
5. Neighbourhood Safety (LS)
6. Neighbourhood Quality (LS)
7. Sense of Belonging (LS)

Pollution
8. Feel Traffic Problem (Y/N)
9. Feel Noise Pollution(Y/N)
10. Feel Air Pollution(Y/N)

Favour Mix
11. Favour mix of residential and commercial land-use (LS)
12. Favour mix LIG, MIG and HIG (LS)

2.3.1. Safety and Satisfaction

The road and neighbourhood safety is studied. Road safety is studied through accidents
and neighbourhood safety in terms of natural surveillance, citizen’s safety, and safety from theft.
Satisfaction is studied in terms of neighbourhood quality, availability of amenities, a sense of
belonging, residents’ wish to migrate to another neighbourhood, and their participation in a social
group. Figure 7a indicates the residents’ aspiration towards safety and satisfaction measured as
the percentage of “yes choices”. The high score on “yes choices” for street safety, satisfaction about
amenities, and participation indicates that residents feel safe and are satisfied, however a high score
on migration indicates dissatisfaction. Figure 7b indicates the cumulative count of the Likert scale
for thirty households in each neighbourhood. The higher score on the Likert scale indicates higher
neighbourhood safety, quality and sense of belonging.

The amount of satisfaction felt by the residents towards their neighbourhood is studied. Quality
amenities within the neighbourhood satisfy the residents. In many neighbourhoods some amenities are
highly accessible, while others are less accessible. Dissatisfaction with the quality of the neighbourhood
leads to an urge to migrate to a better neighbourhood. The sense of belonging is highly related to the
social factor rather than the physical factor.

The overall satisfaction level is above average even when there is inadequate infrastructure. Areas
with high land-use mix (L1) are safer in terms of natural surveillance and theft, but not in road safety.
They suffer from poor quality of life due to high congestion and, lack of infrastructure and open
spaces. Due to the environmental externalities and the pressure to accommodate space for commercial
use, L1 residents prefer migration. L1 and L2 residents have a strong sense of belonging and social
bonding. They also interact and take active part in social activities and know more people in their
neighbourhood. Residents in moderate mix (L2, L3, and NH10) areas perceive their neighbourhoods
as safe and have a higher level of satisfaction. Low land-use mix (NH11 and NH12) residents feel
unsafe and dissatisfied due to sprawl, poor road infrastructure, lack of street lights, and little natural
surveillance. They show the lowest sense of belonging.
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Figure 7. (a) Safety and satisfaction—percentage; (b) safety and satisfaction—cumulative scores.

2.3.2. Pollution and Traffic Problem

Figure 8 shows the percentage of “yes choices” for pollution and traffic problems. High pollution
and the problem of traffic congestion are observed in L1 neighbourhoods. However, some residents
from the highly noisy L1 area mentioned that they are used to the high noise level and feel
uncomfortable in complete silence. L3 neighbourhoods are perceived as less polluted neighbourhoods.
NH10 does not have pollution issues due to high greenery and low density. Some pollution in NH11
and NH12 is seen due to continuous construction work. Neighbourhoods with a high land-use mix
see pollution and traffic congestion as externalities.
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Figure 8. Pollution and traffic related problems.

2.3.3. Favour Mix

This section studies residents’ opinion on the mixing of land uses and income. Dwellers favoured
a mix of land uses. They mentioned that the commercial area should be on the main road and the
residential area should be in the inner part of the neighbourhood by which they would benefit from
the proximity to daily needs without having to suffer the externalities associated with commercial use.
Most residents expressed their inclination towards a mix of Middle Income Group (MIG) or HIG but
not Lower Income Group (LIG) (refer Figure 9). They also stated they are more comfortable with a
similar income group.

Figure 9. Residents favouring mix—cumulative scores.

3. Sustainability Index Based on Composite Indicators

Sustainability index is calculated using composite indicators which are assigned performance
based benchmarking and weights for each neighbourhood.

3.1. Normalization and Benchmarking

Normalization is used to convert different indicator units into a common and comparable scale.
The various normalization methods are: (a) ranking based on the indicators’ performance over time;
(b) standardization or z score; (c) rescaling or min-max method; (d) categorical scale [39].

This study uses normalization on a five-point scale as shown in the Table 5. The colours in the
table act as a visual aid for representing the levels of sustainability. To achieve sustainability, the goal
for the neighbourhood is to attain a five score.
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Table 5. Sustainability benchmarks scores based on normalization.

Five-Point Scale Sustainability Benchmark (Colours represents levels)

1 Low (extremely unsustainable situation)
2 Medium-Low (not suitable but not as bad as in previous case)
3 Medium (discrete level of sustainability)
4 Medium-High (satisfactory level of sustainability)
5 High (target level of sustainability)

Benchmarking establishes a baseline measure for the performance of individual indicators and
acts as a yardstick to measure and compare effectiveness. It helps in the appraisal of performance and
comparative analysis of neighbourhoods and allows for improvement on current performance.

3.1.1. Benchmarking for Travel Behaviour

The benchmarking for travel behaviour is based on the literature review, expert opinions, and the
comparative scale. A lower distance to the destination results in high sustainability. Studies mention
that the walking distance to the destination should be less than a quarter of a mile (~0.4 km) [40,41].
Preferred trip length for various purpose of travel varies. The benchmark for a shopping trip length
starts from a range of 0.0–0.4 km with an increment of 0.4 km as shops must be accessible by foot.
For school, health, and recreational facilities, benchmarking range starts at 0.0–0.8 km as these can
be accessible by foot or cycle. Work places are scattered all over the city and residents move out of
the neighbourhood for work, thus the benchmarking range starts at 0.0–1.5 km. Institutes for higher
education are usually not within or near the neighbourhoods but are spread at different locations in
the city and suburbs, thus college going students commute long distances. So, the benchmarking range
for higher education starts at 0.0–1.5 km.

Walk, cycle, and transit are the sustainable modes of travel whereas two-wheelers and
four-wheelers are non-sustainable modes. The percentage mode share is used for benchmarking.

To compute vehicle ownership two-wheeler and four-wheeler ownership is converted to
Passenger Carriage Unit (PCU) for uniformity. The final PCU (vehicle ownership) is computed
by the following Equation (3).

Passanger Carriage Unit (PCU) = 0.5 ×
(

Avg 2W × 4.8
Avg HH

)
+ 1 ×

(
Avg 4W × 4.8

Avg HH

)
(3)

where, 0.5 and 1.0 is the conversion factor for two-wheeler and four-wheeler respectively [42], Avg 2W
and Avg 4W is the two-wheeler and four-wheeler ownership per neighbourhood respectively, Avg HH
is the average household size in each neighbourhood which varies from 5.27 in NH1 to 3.37 in NH9
and 4.8 is the average national household size [43]. For benchmarking of vehicle ownership, a lower
PCU score specifies higher sustainability.

Household spending on travel is calculated in the percentage of household income. Expenses
more than 3% are considered for the benchmark value. The higher the percentage of travel expenses,
the lower is the sustainability (refer to Table 6).

3.1.2. Benchmarking for Perception

The benchmarking for perception is based on the expert opinions and comparative scale.
The “yes/no” nominal scale questions are converted into the percentage of the households who
answered yes. For street safety, satisfaction, and social participation, higher sustainability means a
higher percentage of “yes” and vice-versa. The residents’ “urge to migrate” is recorded in the reverse
scale, thus its higher percentage means lower sustainability. Similarly, if perception for pollution and
traffic problems is high then the neighbourhood has low sustainability. Neighbourhood safety, quality,
sense of belonging, and favouring mix are recorded on a five-point Likert scale. Scores are converted
to a 1 to 5 sustainability scale (refer Table 7).
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3.2. Weights and Aggregation

Assigning weights to indicators is critical because weighting reflects the relative importance
given to each indicator. For travel behaviour indicators, weights are assigned based on researcher’s
insight, peers opinion, and residents’ view. The share of trip length in indicators is 70%, as it has eight
sub-indicators under it. Other indicators (travel mode, vehicle ownership and travel expenses) have a
share of 10% each.

The equal weighting technique is adopted for perception data. This is adopted because diversified
indicators are present, and it is difficult to judge which is better than the other. There are twelve
indicators and each has one twelfth of the weight as shown in Table 5.

Aggregation groups all the indicator scores into a composite index score. To determine the
composite indicator score, linear aggregation of the weighted normalized indicator is derived by the
Equation no (4).

Composite Indicator Score =
n

∑
i=1

wi Ii (4)

where, i = 1,2,3, . . . .n, and n is 11 for travel behaviour and 12 for perception indicator; w is the weight
of each indicator as mentioned in Tables 5 and 6; and I correspond to the normalized indicator score
between 1 to 5.
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3.3. Discussion

The composite indicator, sustainability index, sustainability level, and ranking of the
neighbourhoods for both residents’ travel behaviour and perception is presented in Table 8. The
composite indicators’ score is in the range of 0 to 5. It is converted to 0 to 1 scale to compute the
sustainability index. The sustainability index of travel behaviour is in the range of 0.27 (for NH11) to
0.78 (for NH1) and perception is in the range of 0.47 (for NH12) to 0.83 (for NH6 and NH9).

Table 8. Sustainability index for travel behaviour and perception.
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L1
Buldi NH1 3.90 0.78 4 1 3.25 0.65 3 8
Itvari NH2 3.27 0.65 3 3 3.11 0.62 3 9
Mahal NH3 2.65 0.53 3 7 3.02 0.60 3 10

L2
Sadar NH4 3.50 0.70 4 2 3.97 0.79 4 4

Dharampeth NH5 2.89 0.58 3 6 3.92 0.78 4 6
Buddha Nagar NH6 3.10 0.62 3 5 4.17 0.83 4 1

L3
Nagsen Nagar NH7 3.20 0.64 3 4 3.84 0.77 4 7
Trimurti Nagar NH8 2.41 0.48 2 8 3.97 0.79 4 4
Friends Colony NH9 1.84 0.37 2 9 4.17 0.83 4 1

L4
Civil Lines NH10 1.61 0.32 2 10 4.11 0.82 4 3

Manish Nagar NH11 1.37 0.27 1 12 2.51 0.50 3 11
Nara NH12 1.40 0.28 1 11 2.34 0.47 2 12

Note: Refer Table 5 for color coding.

The resultant sustainability scores of the neighbourhoods are grouped in five comparative
sustainability levels. The final ranking is decided based on the sustainability index score.
The neighbourhood with a high index is sustainable and ranked first in the list. Neighbourhoods
with a high land-use mix are ranked at the top in travel behaviour, but ranked eighth to tenth in a
perception survey. Neighbourhoods with moderate land-use mix are ranked between the third and
ninth position for travel behaviour and first to seventh for perception. L4 neighbourhoods having
a low land-use mix are ranked last in both cases except NH10 which is placed at third position in
perception due to green ambiance and superior infrastructure.

3.3.1. Residents’ Travel Behaviour

The travel behaviour study revealed that areas with a high mix of land-use (with entropy index
between 0.71 and 1.00) have less trip length, less vehicle ownership, and less travel expenses. Thus,
they are more sustainable with a score of 3 and 4 out of 5. However, the neighbourhoods with less
land-use mix are scaled as extremely unsustainable (score 1) to unsustainable (score 2) as they need to
travel long distances for all amenities and thus, have high vehicle ownership and more travel expenses
(refer to Figure 10). Neighbourhoods with moderate land-use mixed are placed at the satisfactory
level of sustainability. The findings in this study confirm the results of prior studies on land-use and
travel relationship.
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Figure 10. Sustainability index for travel behaviour.

3.3.2. Residents’ Perception

Prior studies mention the social benefits of the mix land-use [6], but the study presented
here reveals that neighbourhoods with moderate land-use mix are better liveable spaces than
neighbourhoods with high land-use mix. This may be due to the fact that most prior studies have
been in the context of developed countries where the land-use mix characteristics are very different
from developing countries. Moreover, peoples’ adaptability to various impacts of land-use mix
also varies. It is observed that overall residents express a level of satisfaction even with inadequate
facilities and infrastructure. Thus, none of the neighbourhood is extremely-sustainable (score 5)
or extremely-unsustainable (score 1) and only one is unsustainable (score 2). Neighbourhoods
with moderate land-use mix are sustainable, areas with high and low land-use mix have average
sustainability (score 3) (refer to Figure 11).

The sustainability index of residents’ travel behaviour with perception shows low correlation
(0.30). The findings suggest that, even though neighbourhoods with high land-use mixed are
sustainable in travel domain, the residents do not prefer to be part of these neighbourhoods; nor
do they want to be part of neighbourhoods with low land-use mix (NH11 and NH12). They
prefer neighbourhoods with moderate land-use mix. This advocates that residents wish to stay
in neighbourhoods with moderate land-use mix and not in high or low land-use mix.

Figure 11. Sustainability index for residents’ perception.
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3.3.3. Relationship of Mixed Land-Use Measure with Residents’ Travel Behaviour and Perception

Figure 12 shows the relationship of land-use mix measure (entropy index) with resident’s travel
behaviour and perception. The sustainability index score of resident’s perception is higher than that
of travel behaviour. Low entropy index score (i.e., low mix land-use) is related to low sustainability.
Moderate to high entropy index score (i.e., moderate to high mix land-use) is related to moderate to
high sustainability.

Figure 12. Scatter plot showing relationship of entropy index and sustainability index.

The correlation of the land-use mix (entropy index) with travel behaviour is 0.88 indicating both
are highly correlated. Travel behaviour is sustainable when the land-use mix is high and vice versa.

The correlation of the land-use mix entropy index with perception is 0.10 indicating poor
correlation. It signifies that land-use mix does not directly encourage perception, however, adequate
amenities, good infrastructure, and less pollution contribute to an affirmative opinion. In study areas,
neighbourhoods with high and low land-use mix lacked infrastructure, leading to dissatisfaction. Thus
the poor correlation is perceived.

4. Conclusions

There is a strong advocacy to bring different land uses together for achieving sustainability. Indian
cities have a legacy of mixed land-use character. There is an evident mix of land uses in the present
context which hints towards a similar trend in the future as well. Here the concern is the proportion of
the mix of different land uses for creating sustainable built environment.

Residential and commercial land-use mix is the most compatible mix type. However, the
proportion of the mix of these two compatible land uses (commercial and residential) which leads
to sustainability has not been explored in prior studies. The change in the land-use mix affects
the inhabitants’ travel behaviour, their safety and their satisfaction. The current study tries to
identify sustainability indices for neighbourhoods with different land-use mix. By surveying twelve
neighbourhoods (NH1 to NH12) categorized under four levels (L1 to L4) with different land-use mix,
the study has attempted to comprehend how the neighbourhood performs with the change in land-use
mix proportion. Mixed land-use is measured as entropy index of commercial and residential land-use.

Perception is carried out to encompass participatory approach, behaviour and experiences with
the neighbourhood. The relationship between mixed land-use and travel behaviour has been well
established in prior studies and is confirmed in the current study. Mixed land-use measure is highly
correlated with the travel behaviour sustainability index, but is weakly correlated to the residents’
perception sustainability index.
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It can be concluded that the neighbourhoods with high land-use mix (L1 category with entropy
nearing 1) are sustainable when it comes to travel behaviour but residents are not satisfied here due to
the externalities associated with pollution, congestion, and lack of infrastructure.

The neighbourhoods with low land-use mix (L4 category with entropy nearing 0) are extremely
unsustainable due to greater travel distance, poor accessibility of amenities, inadequate infrastructure,
as well as safety and satisfaction issues. NH10 even though being a low and segregated land-use
mixed neighbourhood, is more sustainable as it is planned and maintained with a good physical
infrastructure and is the greenest part of the city.

Moderate land-use mix neighbourhoods (L2 and L3 category with entropy in the range of 0.77 to
0.33) are sustainable both in terms of residents’ travel behaviour and perception, and are preferred
by the residents. The citizens prefer to be a part of a green, aesthetically appealing, with adequate
infrastructure, mixed land-use neighbourhood.

The outcome of the study suggests that high land-use mixed areas though sustainable in the
travel domain are not likewise sustainable in the perception domain, due to dissatisfaction amongst
the residents here. Low land-use mix and sprawled areas are unsustainable both for the travel and the
perception domain. Moderate mix neighbourhoods lead to sustainable development.
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Abstract: We have developed a visualized 3-D model of a City Sustainability Index (CSI) based on
our original concept of city sustainability in which a sustainable city is defined as one that maximizes
socio-economic benefits while meeting constraint conditions of the environment and socio-economic
equity on a permanent basis. The CSI is based on constraint and maximization indicators. Constraint
indicators assess whether a city meets the necessary minimum conditions for city sustainability.
Maximization indicators measure the benefits that a city generates in socio-economic aspects. When
used in the policy-making process, the choice of constraint indicators should be implemented using a
top-down approach. In contrast, a bottom-up approach is more suitable for defining maximization
indicators because this technique involves multiple stakeholders (in a transdisciplinary approach).
Using different materials of various colors, shapes, sizes, we designed and constructed the visualized
physical model of the CSI to help people evaluate and compare the performance of different cities in
terms of sustainability. The visualized model of the CSI can convey complicated information in a
simple and straightforward manner to diverse stakeholders so that the sustainability analysis can be
understood intuitively by ordinary citizens as well as experts. Thus, the CSI model helps stakeholders
to develop critical thinking about city sustainability and enables policymakers to make informed
decisions for sustainability through a transdisciplinary approach.

Keywords: indicator; stakeholder; megacity; co-design; co-production; bottom-up; anthropogenic
impact; environmental threshold

1. Introduction

1.1. Background

Cities are among the most important entities to be controlled for achieving a sustainable future of
human well-being on earth. Urban population and its impact have been steadily increasing. According
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to the United Nations Department of Economic and Social Affairs (UNDESA) [1], 3.6 billion people of
the 7.0 billion world population live in urban areas, and this urban population is projected to increase
to 6.3 billion in 2050 (while the world population will be 9.3 billion). Cities negatively impact local and
global environments directly and indirectly through resource consumption and trade. For example,
cities in the world account for between 71% and 76% of global carbon dioxide (CO2) emissions [2], but
are considered engines of economic development that foster socio-economic prosperity [3]. However,
prosperity is also accompanied by an expansion of urban inequality [4]. Thus, striking a balance
among environmental, economic and social needs is critical to securing sustainable human well-being.
For this reason, there is an urgent need for a new and reliable system for assessing city sustainability
that is capable of providing relevant and requisite information for policy making [5]. Furthermore,
during the decision-making process, discourse would be desirable among all the relevant stakeholders
so that information on city sustainability can be shared, and that feasible and effective policies can be
contrived and implemented.

In response to such demands, we have developed an objective system called the “City
Sustainability Index” (CSI), which provides a scientific basis for evaluating and comparing cities
along the three dimensions of sustainable development (i.e., environmental, economic and social
considerations). In addition, we have created a visualized physical model of the CSI to deliver
multi-dimensional information in a simple and straightforward manner so that the contents can
be readily understood by diverse audiences. The purposes of this paper are to: (1) provide a
brief explanation of the concept of city sustainability and its assessment methods; (2) introduce
a visualized model of CSI with the results of sustainability assessment applied to 18 world megacities;
and (3) discuss several applications and development of a visualized CSI model.

1.2. Sustainability and the Transdisciplinary Approach

There have been increasing demands to construct indicators that can assess urban sustainability,
and many lists of urban sustainability indicators have been provided [6–9]. For example, Shen
et al. examined and compared nine different lists of urban sustainability indicators used for nine
regions/cities, and derived a primary list of urban sustainability indicators on a comparative basis [10].
These early studies have focused on making lists of environmental, economic, social and governance
indicators to cover as many aspects of cities as possible. However, methods to integrate these different
indicators have not been adequately developed [5]. Furthermore, most urban sustainability indicators
have focused on the sustainability of the target cities themselves, not the sustainability of cities across
the world; such indicators include the Green City Index [11,12], and City Development Index (or
Global Urban Indicators) [13]. In addition, some research has considered the issues of environmental
sustainability only at local scale, not on a global scale; these studies include that of Bettencourt and
West, who quantitatively analyzed and discussed the impact of economic growth in cities on society
and the local environment [14]. Therefore, a more comprehensive set of indicators is needed that can
assess the impact exerted by cities upon the sustainability of the global environment.

The main reason for developing sustainability indicators is to provide tools for policy making,
information sharing and community improvement [15]. The frameworks adopted for the existing
sustainability indicators can be divided into two paradigms, namely “bottom-up” and “top-down”
approaches [16]. The top-down approach is based on the knowledge of experts and professionals, with
the intention of providing an objective and macroscopic viewpoint, which in turn enables comparative
analysis among cities in different geographical locations. However, the interpretation of the concept of
sustainability often is different among professionals [17]. Moreover, since the decision-making process
is done only by a small number of experts and policymakers, the top-down approach tends to preclude
active participation by members of the public, who will actually be most affected by the decision.
In other words, the top-down approach fails to take into consideration the views and opinions that
only local people can possess. As a result, decisions made through such a process might well be biased
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in favor of policymakers [18]. Therefore, the top-down approach is not based on a democratic process
to represent the collective opinion of a community.

As the limitations and defects inherent in top-down approaches have been revealed, the merits of
bottom-up approaches gradually have been examined. Bottom-up approaches rely on the participation
of local communities in the decision-making process, and encourage individual members of a local
community to select relevant indicators; therefore, a bottom-up approach reflects local needs and
issues [19,20]. According to Fraser et al. [21], the implementation of a bottom-up approach has two
main advantages. Firstly, by incorporating the knowledge of local community members who are
most familiar with the local situation, this approach can increase the meaningfulness of indicators
in the society. The bottom-up approach also reflects diverse opinions of the community, making
the process of indicator selection more democratic than that in the top-down approach. Secondly,
the process of community participation itself contributes to the empowerment and education of
the community [22]. There even appear to be synergistic interactions between these two aspects
(i.e., inclusiveness and empowerment), since the purpose of establishing the sustainability indicators is
the improvement of local and global environment, an aspect of which is the vitality and functioning of
the local community itself.

However, the bottom-up approach also has disadvantages. Compared to the top-down approach,
engaging the participation of a community in the selection of indicators requires much more time and
resources, especially if there are conflicts of opinions within the community. The bottom-up approach
also can result in selecting too many indicators within a particular city that are not comparable
among cities.

Fortunately, top-down and bottom-up approaches are not mutually exclusive. In fact, the
introduction of a bottom-up approach does not deny the necessity for quantitative and aggregated
methods that are used often in top-down approaches. Comparative analysis with other locations or
at wider geographical scales provides more comprehensive understanding of the whole, as well as
the local situations, than can a narrowly focused (i.e., strictly local) analysis. Integration of bottom-up
and top-down approaches could compensate for the shortcomings in each, and has therefore been
considered as an effective strategy for developing sustainability indices.

The approach that involves not only professionals of different disciplines, but also various
stakeholders, is called a “transdisciplinary approach” [17,23,24]. To conduct a transdisciplinary
approach, top-down and bottom-up approaches must be integrated. However, synthesizing these
two contrasting approaches is not an easy process. There is always a possibility that conflicts
between different stakeholders will occur, especially between citizens and policymakers. Since it
is the policymakers who normally have the overriding power to make and to implement policies,
these conflicts might result in disregard of bottom-up processes. On the other hand, it also can be
expected that in some cases, the choices made by a community will be based solely on self-benefits,
contradicting the needs for sustainable development at bigger scales. Therefore, a transdisciplinary
approach must endeavor “to provide a balance between community and higher level actors” [25].
Although technical criteria can be measured, the perception of a citizen cannot be measured. Therefore,
the method of assessing the level of convergence between different stakeholders, especially between
professionals and citizens, can be helpful in building a consensus. Such a method has been developed
by, for example, Battaglia et al. [24,26].

Fraser et al. also observed that one of the biggest challenges in the integration of top-down
and bottom-up approaches is to identify the extent to which the public should be engaged in the
decision-making process and the scales at which indicators are to be perceived as relevant by the
public [21]. Because different stakeholders and indicators operate at different scales that range from the
local community and administrative boundary to international and transboundary areas, identifying
the ideal scale for indicators is not an easy task. When sustainability issues are addressed on a
global scale, they are not likely to be perceived as relevant by local people or be reflected in their
surrounding environment at local levels. Therefore, global environmental issues must be considered
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by the professionals from a scientific perspective, i.e., through a top-down approach. In addition,
local community members often focus merely on issues relating to the current generation, and not on
the potential linkages between current and future generations. Because the notion of sustainability
assumes intergenerational equality, the challenge to establish a relevant timescale is also an obstacle
for the bottom-up approach. In the CSI, these challenges are handled by combining two different types
of indicators, namely, “constraint” and “maximization” indicators. We assume that constraint and
maximization indicators are suitable for top-down and bottom-up approaches, respectively, and a
detailed account of the two types of indicators will be presented in Section 2.2.

1.3. Visualization and the Transdisciplinary Approach

A critical aspect in integrating of the two approaches (i.e., bottom-up and top-down) is to present
the process of data collection and interpretation, as well as the final output, clearly to the community
in such a way that all non-experts can easily understand them and thereby readily participate in the
whole process [27]. Visualization is an effective method by which to convey scientific discoveries to
non-professional audiences [28–32]. Because visual data can be understood instinctively, visualization
does not require high literacy about the scientific information, especially numerical and mathematical
literacy [33]. Visualization can also provide an interactive interface and facilitate a participatory
approach [34]. Methods of visualization have been elaborated widely, especially since the establishment
of a special conference and journal dedicated to visualization in the 1980s [35].

Methods of data visualization frequently have been used to present scientific research on global
environmental issues. Because studies on the global environment inevitably involve various pieces of
information from different disciplines and their complex integration processes, visualization plays
a critical part in making research results readily understood by an audience. Existing applications
include the visualization of atmospheric data [36], CO2 emissions [37] and simulation of water supply
and demand [38]. “Tangible Earth” [39] and “Science on a Sphere®” (SOS) [40] developed a digital
terrestrial globe that allows users to acquire interactive and educational experience about the global
environment. Visualization also provides a platform that enhances viewers’ spatial cognition, especially
when the visualization deals with urban data [41–43]. Density distribution is a particularly important
concept for understanding cities [44].

2. City Sustainability

2.1. Concept of City Sustainability

The term “sustainability” has become increasingly important, particularly in connection with
global environmental issues, and what it means conceptually also has been continually evolving [45].
Sustainability is, therefore, not a general term that has a clear and fixed definition or application
although the notion of sustainable development as presented in the Brundtland Report is famous.
A review of the notion of sustainability is beyond the scope of this paper, but the interested reader can
be referred to numerous pieces of academic literature [5,45–49]. Hereafter, we would like to focus on
the notion of “city” sustainability.

Many urban sustainability indicators focus only on whether the city under evaluation is
sustainable within its boundaries. Importantly, the concept of city sustainability in this paper (i.e., CSI)
is different from others in this respect. Herein, we use the notion of city sustainability based on
Mori and Yamashita [50] because this interpretation provides a clear framework that describes how
environmental, economic and social states should be related in terms of city sustainability. Accordingly,
city sustainability denotes maximization of the total economic and social net benefits that a city
produces, without exceeding environmental limits and while staying within acceptable limits of
socio-economic inequity. In regard to environmental limits, when the limitations are on a global scale a
set of threshold values is assigned based on the published study, “Planetary boundaries” [51]. This
concept of city sustainability recognizes the global environmental limitations of the “leakage effects”
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that a city has beyond its urban boundaries. Therefore, city sustainability assumes that whether a
city under evaluation continues to be in a healthy condition in terms of local environmental aspects
is of no consequence; in contrast, whether the global environment is sustainable while the current
socio-economic activities of the city are maintained is significantly important.

Constraint conditions should also be applied in the context of intergenerational equity. That
is, for a specified future time period, the extent of socio-economic activities in a city should not
exceed the environmental limits. Even if a city does not currently exceed a given threshold of
environmental limits, the negative impacts may accumulate and exceed the threshold at some point
in the future. The accumulated total environmental burden may have a serious negative impact on
the environment that future generations should enjoy. If the accumulated burden into the future
exceeds the environmental threshold within the given time scale, its current state should be considered
to be unsustainable. Hence, a sustainable city is defined as a city that maximizes economic and
social net benefits (degree of satisfaction) while meeting constraint conditions of the environment and
socio-economic equity in both opportunities and distribution into the indefinite future.

However, it is insufficient to merely satisfy the constraint conditions. A city exists for the pursuit
of economic and social prosperity based on agglomeration effects, and this point should not be viewed
lightly. So long as a city fulfills conditions of limits in regard to the environment and equity, economic
and social benefit must be increased to a maximum capacity. When maximization has not occurred
in this city, there is still room to promote pursuit of benefit because the city has not reached an
optimal condition.

2.2. Constraint and Maximization Indicators

Based on the foregoing concept of city sustainability, the CSI is composed of two types of
indicators: constraint indicators and maximization indicators. Constraint indicators are used to judge
whether a city meets the minimum necessary conditions to be sustainable, based on relevant criteria
and thresholds in terms of environmental limitations and socio-economic equity. The thresholds related
to environmental limitations should be provided by scientific research, considering leakage effects
on the global environment beyond the boundaries of cities. Constraint indicators for environmental
limits that are considered to be appropriate for the CSI include, among others, the annual amount
of greenhouse gas emissions; water footprint; the atmospheric concentrations of PM10 (particulate
matter 10 micrometers in size or less), nitrogen oxides (NOx), sulfur oxides (SOx) and mercury
(Hg); and the amount of direct and indirect consumption of forest resources. Appropriate indicators
for socio-economic equity include the Gini coefficient of household income, poverty ratio, and the
population ratio of access to safe drinking water, among others.

Maximization indicators measure the benefits that cities generate in economic and social aspects.
As cities create more benefits, prosperity increases. Concerning the maximization indicators, city
performance can be evaluated in a succinct way: the higher the benefits are, the better the performance
of the city is. Then, if the increase in the benefits was free from exceeding any environmental and
socio-economic constraints, the city could simply continue to pursue economic growth and social
amenities. Maximization indicators that are considered to be appropriate for the CSI include, among
others, indicators of economic outputs, such as gross domestic product (GDP) per capita; agglomeration
costs, such as traffic congestion and housing costs; indicators of social amenities, such as the extent
of public transportation; the number of hospitals per a unit of area; the number of physicians per
population; and the number of universities per population.

3. Visualized Model of CSI

3.1. Application of the CSI to Megacities

“Large” cities are often said to be eco-efficient; but megacities (cities with a population of at least
10 million) have large negative impacts on the global environment due to the total environmental

235



Sustainability 2015, 7, 12402–12424

burden of their large population. We have created a prototype CSI for 18 megacities using five
constraint indicators and seven maximization indicators; these were selected based on data availability
and comparability across the megacities.

The five constraint indicators are: the amount of emissions of CO2; the atmospheric concentration
of Hg; the atmospheric concentration of PM10; water footprint based on blue water, which includes
surface and groundwater and is measured by the consumptive use of the run-off flow [52]; and the
Gini coefficient of household income. Grid data on a global scale were used to determine the amounts
of CO2 emissions and the atmospheric concentration of Hg. The World Health Organization (WHO)
database of PM10 in cities was used to establish the atmospheric concentration of PM10. Although data
for the water footprint of countries were available, the data for specific cities were not. Thus, because
there was a strong correlation between water footprint and GDP at national scales, we estimated the
water footprint of respective megacities from the national data by using both population and GDP
data sets for each megacity.

The seven maximization indicators are: the quantity of solid waste generated; ratio of GDP per
capita; congestion cost; green rate (the ratio of green areas to urban areas); suicide rate; university
density; and the number of physicians. Grid data on a global scale were used for calculating the ratio
of GDP per capita, congestion cost (population-weighted average distance to a city center as a proxy)
and green rate. Data defining waste generation, university coverage and suicide rate were available
from the municipalities. For the university indicator, university rankings were considered in addition
to the number of universities. The number of physicians is assumed to be a significant indicator with
respect to social security; national data were used as a proxy for this indicator due to the lack of data at
smaller scales. The sources of data are provided in Table 1.

The thresholds were derived from published research [51], and were used for judging whether
a city meets the necessary minimum conditions for city sustainability. For example, the concept
of planetary boundaries [51] has provided some threshold values for a few global environmental
indicators including water footprint (global freshwater use). The sources of data and thresholds are
provided in Table 1.

The prototype City Sustainability Index consisting of the 12 indicators was applied to the 18
megacities; however, the actual urban areas of the megacities were not clearly defined beforehand.
In fact, various definitions and methods exist for delineating urban boundaries of cities, including
administrative boundaries [53], functional boundaries [54,55], and morphological boundaries [56,57].
In this paper, we defined the spatial extent of urban boundaries based on population density data.

Although pair-wise comparisons between maximization indicators would be possible,
presentation of all possible combinations of indicators for the 18 megacities would cause information
overload. Therefore, information had to be distilled to facilitate comparisons among cities. For this
purpose, we standardized maximization indicators on a relative scale using a z-value, where the
“worst” city was assigned a ranking of 0 and the “best” city was given a ranking of 100. “Best” and
“worst” were dependent on the context of the indicator; for some indicators (e.g., suicide rate) “best”
was the smallest value, but for others (e.g., number of physicians) the largest value indicated the
“best” performance.

The method that we employed to establish and standardize scores for the maximization indicators
was the same as the method used to produce composite indicators consisting of multiple individual
indicators [58]. Constraint indicators did not require scaling or standardization because the necessary
minimum conditions for city sustainability (i.e., threshold values) were derived from the literature;
these thresholds were treated as unbiased standards in this study.
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Table 1. Indicators used in a prototype City Sustainability Index (CSI).

Category Indicator Unit Data Source Threshold

Environmental 1
Water footprint based

on blue water m3/(person year)

The Water Footprint
Network.

Mekonnen, M.M. and
Hoekstra, A.Y. [59]

4000 km3/(person·year)
(from Planetary

Boundaries)

2
Amount of emissions

of CO2
t/(person year) EDGAR

Judge whether the state
of the average

temperature in 2100 will
be 2 degrees on the

Celsius scale higher than
that in 1850. (from IPCC)

3
Quantity of solid
waste generated kg/(person year)

Karak et al. [60].
UN-HABITAT [61].

Japanese Ministry of the
Environment [62]

No threshold. This is a
maximization Indicator.
Negative contributor.

4
Atmospheric

concentration of Hg μg/m3 AMAP/UNEP 1 μg/m3 (annual
average) (from WHO)

5
Atmospheric

concentration of PM10
μg/m3 WHO 70 μg/m3 (Annual mean)

(from WHO)

Economic 6

Ratio of GDP per
capita (GDP per capita

in the city/GDP per
capita in the country in

which the city is
located)

dimensionless The World Bank
No threshold. This is a
maximization Indicator.

Positive contributor.

7
Gini coefficient of
household income dimensionless UN HABITAT 0.4 (from UN-Habitat)

8

Congestion cost
(population-weighted
average distance to a

city center)

m ORNL
No threshold. This is a
maximization Indicator.
Negative contributor.

Social 9
Green rate (Ratio of
green areas to urban

areas)
% GLCF

No threshold. This is a
maximization Indicator.

Positive contributor.

10 Suicide rate per 100,000
people Various sources

No threshold. This is a
maximization Indicator.
Negative contributor.

11 University density

per one million
people,

considering the
ranking of

universities

Various sources
No threshold. This is a
maximization Indicator.

Positive contributor.

12 Number of physicians Per 1000 people WHO
No threshold. This is a
maximization Indicator.

Positive contributor.

Figure 1 shows the assessment of the 18 megacities using the prototype CSI.
The downward-sloping trend line shows the total of the standardized numerical values of
the maximization indicators, or in other words, the size of total economic and social benefits. These
numerical values do not have any units, and thus no scale on the vertical axis is shown. In Figure 1, the
megacities are arranged (from right to left) in an increasing order of the total maximization indicator
value. The bar graphs depict the determinations as to whether the necessary conditions for city
sustainability are met for the five constraint indicators. Shaded sections indicate that the city is not
sustainable in terms of that particular constraint indicator. To our surprise, no megacity satisfied the
necessary minimum condition for city sustainability.
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Figure 1. Results of city sustainability assessments of 18 world megacities using the City Sustainability
Index. Bars represent determinations of sustainability for five constraint indicators; shaded segments
indicate failure to meet threshold values for a particular indicator.

3.2. Visualizing CSI

Transdisciplinary research is a challenge of sustainability science that is formulated by Future
Earth, a major international research platform coordinating new interdisciplinary approaches to
investigate effective transformations to a sustainable world. The integration of scientific disciplines
and social priority in terms of sustainability is of paramount importance. In this light, the CSI
study described in Section 3.1 also aimed to involve multiple stakeholders effectively through the
processes of co-design, co-production and co-dissemination (Figure 2). In the co-design process,
scientifically trained academicians and social stakeholders jointly frame a definition of the required
knowledge and propose a research definition to establish a commonly shared understanding of the
research goals, to identify the relevant research disciplines, and to agree on the roles of different
groups of stakeholders [63]. In the co-production process, all the stakeholders including academicians,
policymakers, and the other public participants are required to continuously exchange their respective
knowledge so as to ensure the societal relevance of the research [63]. The co-dissemination process
includes publication of the acquired knowledge, conversion of it into usable and understandable
information, and open discussions on the evaluation, application and relevance of the results,
particularly among conflicting stakeholders in real society [63].
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Figure 2. Framework for transdisciplinary co-creation of the knowledge. Source: Mauser et al. [63].

The importance of co-design, co-production and co-dissemination to relevant stakeholders has
been increasingly recognized in the field of sustainability research because actions of stakeholders play
a significant role in providing real solutions to the problems of sustainability. Academic researchers are
required to share the scientific knowledge obtained from academic research with plural stakeholders
in real society and link it to a specific social movement towards sustainable society. In this respect, we
have created a visualized model of the CSI with which all stakeholders, including non-researchers, can
intuitively understand the extent to which an evaluated city is sustainable (Figure 3). The visualized
model of an evaluated city consists of four components: conditions of constraint indicators; distribution
of population density; conditions of social maximization indicators and conditions of economic
maximization indicators (Figure 3).

The top section of the visualization model in Figure 3 displays five globes, which represent the
five constraint indicators used in the prototype CSI described in Section 3.1; by their color, the globes
indicate whether the necessary minimum conditions for city sustainability have been satisfied. A blue
globe, well-known imagery that depicts a healthy planet, indicates that the city is sustainable in terms
of a given constraint indicator. A red globe is a warning sign; it implies that a city is unsustainable in its
relationship with the global environment if the constraint indicator is an environmental indicator. The
number of red globes indicates to what extent a city does not meet the necessary minimum conditions
for city sustainability. Thus, an audience can easily see if a city is sustainable, or the extent to which it
is not, simply by looking at the number of colored globes.

The section immediately below the globes shows the distribution of population density within
the city being evaluated. Population density is denoted by the height of bar, and each bar represents a
5 km × 5 km physical area within the city. The higher the bar is, the higher the population density
is. Normally, the spatial differences in population within a city are difficult to visualize. However,
from the visualized model an audience can readily understand which parts of a city are more densely
populated than others. Moreover, by comparing the spatial patterns of population densities across
several cities, an audience can also judge whether a given city has a tendency to be “sprawled” or
whether the city tends to have its population concentrated in a particular area, e.g., the city center.
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Figure 3. Structure of a visualized CSI model for a city.

The bottom two parts of the visualized CSI model contain “blocks”, each of which corresponds to
a particular economic or social maximization indicator. Each type of indicator (economic or social) is
depicted in a different color, and the height of each block implies the size of benefit measured by the
indicator. Thus, higher blocks indicate larger benefits than smaller blocks, and the cumulative height
of all blocks shows the size of the total benefits that a city produces. Thus, by comparing the heights of
blocks in the models for several cities, an audience can readily understand which city generates the
largest benefits in total.

3.3. Usage of the Visualized Model

The visualized CSI model allows a user to assess and compare different cities easily based on
the concept of city sustainability described in Sections 2.1 and 2.2. For example, Figure 4 shows
visualized models for 12 megacities. A user can simply check whether there are any red globes to
see how many cities meet the necessary minimum conditions for city sustainability. A user also can
compare the physical heights of the models for the various cities to see which city has the highest
overall socio-economic benefit (i.e., the tallest model in Figure 4). Lastly, a user can readily identify the
most sustainable city by selecting models of cities without red globes, and then picking out the city
that is the highest among them. In short, the city for which the visualized CSI model has the greatest
height and no red globe is the most sustainable.
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Figure 4. Samples of visualized City Sustainability Index (CSI) models for 12 megacities.

Figure 5 illustrates how two cities can be compared to decide which is more sustainable. The
top section of the model shows that City A is not sustainable (i.e., it has red globes) and City B is
sustainable (i.e., it has no red globes). In this case, City B should always be assessed as being better than
City A, even though the height of the model for City A is greater than that for City B. The heights of
the two models indicate that City A generates greater benefits than City B in maximization indicators;
however, this advantage is gained at the expense of the global environment. Neither of the models for
City B and City C contain red globes, thus it is possible to compare the two cities in a straightforward
way. The higher the model is, the more sustainable the city is. Because the model for City C is taller
than that for City B, City C produces more socio-economic benefits than City B does, and does so in a
sustainable way.

However, it is not necessarily possible to find the most sustainable city. If all the cities were to
have at least one red globe (Figure 4), none of them would be considered to be sustainable because they
do not satisfy the necessary minimum conditions for city sustainability. Under such circumstances, it is
meaningless to compare the cities in search of the best city because all are unsustainable. Nevertheless,
comparisons of both the model height and the number of red globes among cities can be useful in
identifying the way to make such cities sustainable.

Figure 5. Comparison among cities.
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On the other hand, the user in search of the most sustainable city might need to compare each
maximization indicator among cities in addition to the total benefits even when all the cities under
evaluation meet the necessary minimum conditions for city sustainability (e.g., City B and City C in
Figure 5). Such a comparison is necessary because aggregation of individual benefits into a cumulative
measure (i.e., total benefits) loses detailed information about each indicator. Consequently, the sizes
of benefits of individual indicators among cities may be vastly different, yet produce identical total
benefits. Unless one city is better than another in every comparable indicator, the comparison of
performance in each indicator is still critical. To accomplish such a comparison, the user can flexibly
select the blocks of maximization indicators, and can choose a subset of blocks for comparing the
height among cities.

It is also possible to make a comparative analysis of cities that are similar in terms of the
distribution of population density. Such a comparison may reveal that some indicators exhibit larger
differences between the cities than do any other pairs, thereby providing useful insight into how
relevant policies and management actions may be focused on improving the conditions pertinent to
those indicators. The feasibility and potentiality of extending such policies or actions to an “inferior”
city might be high if similar cities were compared and analyzed.

4. Discussion

4.1. Bottom-up and Top-down Approaches in CSI

We believe that the visualized CSI model introduced in this paper provides a useful tool that
allows a wide range of stakeholders to participate in the decision-making process on subjects that
influence city sustainability. However, when applying a transdisciplinary approach to complex
decision-making, arguments often eventuate in deliberations regarding whether to take a top-down
approach or a bottom-up approach [15,21,25]. In the CSI, top-down and bottom-up approaches
apply to constraint and maximization indicators, respectively. Because each approach has its own
advantages and disadvantages, a CSI study must strive for the appropriate balance between the
two approaches; this balance may be society-specific. Because we constructed the visualized CSI
model to harmonize with the concept of a transdisciplinary approach, our focus has been placed
more on the use of bottom-up approaches in maximization indicators than on the use of top-down
approaches. The disadvantage of a bottom-up approach, however, is that there is a high probability
that stakeholders will by themselves select the indicators or make judgements about them based purely
on their lay opinions, which often lack both expert knowledge and scientific grounding. The solution
derived from bottom-up decision-making processes could ignore long-term views, potential impacts
of leakage effects and negative externality, and hence fail to take the well-being of future generations
into consideration. Although a bottom-up approach seems to be possible for determining constraint
indicators in CSI, one must remember that these indicators must be selected, and thresholds set, in a
top-down approach based on a long-term view, global perspective, and scientific knowledge. If a
bottom-up approach is incorporated into defining constraint indicators in a CSI study, important
indicators on a global scale may be omitted, depending on the preferences of local stakeholders. If this
happens, the purpose of promoting the sustainability of a city may be lost.

Maximization indicators measure the extent of the benefits a city generates in economic and
social aspects, and these benefits are assessed after the conditions of the constraint indicators are
met. In evaluating maximization indicators, there is a strong probability that the size of the benefit
may be influenced unduly by the values and preferences of local stakeholders, such as residents of
that city. If a city meets the necessary minimum conditions for city sustainability, there should be no
objection to the city’s maximization of economic and social benefits in any form. In other words, in a
CSI study we are able to appreciate diversity in the values and preferences of stakeholders as long as
the necessary minimum conditions for city sustainability are satisfied. Therefore, stakeholders may
be allowed to freely select and manage the metrics for the maximization indicators by adopting a
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bottom-up approach. In this respect, we need to create a model of CSI in which weightings can be put
flexibly on maximization indicators based on certain values expressed by stakeholders; this feature is
not available in the current version of the CSI prototype.

4.2. Visualized CSI Model for Education

When city sustainability is assessed within a global perspective, a wide range of people from
different communities and regions across the world must be engaged to raise awareness of the possible
links between their respective societies’ lifestyles and global environmental issues. One possibility for
accomplishing such engagement would be to effectively disseminate scientific knowledge to a wide
range of stakeholders through educational activities [25,64,65].

The visualized model of the CSI can convey complicated information in a simple and
straightforward manner to diverse audiences so that the content of complex sustainability analyses
can be readily understood by people who are not experts. The appeal and success of visualization
in communicating about similarly complex issues has been demonstrated in the applications of
Geographic Information Systems (GIS) [42,43] and the NOAA Science on a Sphere® (SOS) program [40].
In view of these successful approaches, the visualized CSI model can provide an ideal teaching resource
and/or learning tool to raise awareness and explore real-world issues in a way that helps learners
develop critical thinking about the society and environment to which they belong. The teaching and
learning activities accomplished through the CSI can provide opportunities for learners to: (1) explore
ideas and issues on the environmental effect each city has on the planet; (2) consider the choices
citizens make and the consequences of those choices on the environment; (3) identify important local
issues and link them to national and international issues of sustainable development; (4) compare and
contrast the state of the environmental, economic and social systems that shape ways of living in the
cities across the world; and (5) analyze the relationship between human activities and the environment
on a global scale. The incorporation of CSI in education may therefore make an effective contribution
to raising awareness, changing public behavior and eventually providing a basis for tackling the
challenges of sustainable development faced by cities in the long term.

4.3. Visualized CSI Model for Policy-Making

Indicators have been playing an increasingly important role in providing vital information on
subjects such as sustainable development to allow for informed decisions to be made. As a result, the
focus is now shifting towards a process in which the development of urban sustainability indicators
is integrated into policy institutions and decision-making processes of city planners [66]. Likewise,
sustainability indicators have steadily gained acceptance as reliable tools to gauge the extent to which
a community is moving towards sustainability [67]. In this regard, the CSI allows for the effective
communication of visualized and quantitative information amongst diverse stakeholders, and the
output is therefore expected to provide an ideal basis for informed decisions on policy making.

A workshop for discussions and information-sharing may be introduced for the purpose of
transforming a city into a sustainable one [68,69]. Certainly, in the local policy-making process a
workshop could be organized that involves a variety of stakeholders, and in which the visualized
CSI model can be used to transform multi-dimensional information into a readily digestible form.
The output of such a workshop could provide the respective stakeholders with opportunities to:
(1) identify both positive and negative aspects of the city in relation to sustainable development;
(2) evaluate possible links between alternative decisions that stakeholders make and the consequences
of such decisions for the environment; and (3) consider the best options for decisions affecting the
environment at local, national and international scales.

Alternatively, it may be more desirable to establish a consortium that involves cities across
the world and in which the visualized CSI model is used optimally in the policy-making process.
The output of the CSI provides the respective participating parties with the opportunity to compare
the state of the environmental, economic and social systems between cities and evaluate alternatives in
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decisions affecting issues relating to city sustainability. The participants can then exchange ideas and
discuss issues about sustainable development with reference to the city assessed to exhibit the best
sustainability performance based on output of the visualized CSI model. This approach will allow
poorly performing cities (with respect to sustainability) to develop critical thinking about the lifestyles
of their societies. Importantly, cities with different cultural backgrounds must discuss if it is feasible
for any social best practices and/or policies to be transferred among these cities. The visualized CSI
model thus encourages many parties to participate in the development of the consortium and thereby
facilitates multi-stakeholder processes and collaborations, as well as social learning, simultaneously.

Currently the visualized CSI model represents information about the sustainability of cities
based on both constraint and maximization indicators. However, an ability to identify and indicate
any cause-effect relationships among those indicators would be a desirable addition to the model,
as this feature would allow policymakers to specify what controls (i.e., policies and actions) should
be implemented to achieve the best possible outcome for sustainable development. In addition,
the types of indicators considered to be appropriate for a CSI study are not limited to the constraint
and maximization indicators discussed in this paper; we are currently exploring additional unique
aspects of city characteristics that are difficult to be assessed in terms of city sustainability (e.g., local
climate, demographic structure, and composition of buildings). These additional indicators may be of
more relevance than, say, the mean travel distance to a city center, in understanding the links between
features of cities and their sustainability performance. Overall, the establishment of a consortium will
strengthen the ties between cities, and the further development of the CSI will help the participants in
such a consortium to better understand both differences and commonalities across cities in terms of
city sustainability. This will in turn help the respective societies identify potential practices from their
consortium colleagues to be incorporated in their own policy-making process, as well as to identify
unique practices that may only be suitable for a particular society.

4.4. Limitations and Future Research

The visualized CSI model provides both a foundation for the transdisciplinary approach and a
framework for measuring and comparing the performance of cities in the context of sustainability.
However, the return of meaningful information for use in policy making is highly dependent on
the way in which the indices that comprise CSI are incorporated in the actual participatory and/or
decision-making processes. In this regard, there are mainly three issues to be addressed with respect
to limitations and future prospects of the CSI methodology.

First of all, the visualized CSI model provides a simplified means to help a range of stakeholders
comprehend and compare the states of different cities in terms of city sustainability. However,
stakeholders have yet to be involved in the process of selecting indicators and deciding how the
individual indicators are weighted and presented within the model. In essence, the transdisciplinary
approach encourages interactive behavior through the good use of co-design and co-production
in participant-led decision-making processes. In this regard, the CSI currently aims to provide an
interactive platform for policy making through which stakeholders can decide which indicators to be
considered, how they are weighted and how they are presented; once these decisions are made, a CSI
study can be performed and stakeholders can discuss the results to come up with the best solution
for the society. However, Lockton also points out that the goal of the design process is to modify or
redesign the assessment system to influence users’ behavior towards a particular ‘target behavior’ [70].
From this point of view, the CSI study may require stakeholders to be involved even at the designing
stage of the model development so that the resulting outcome can influence the participants and then
encourage their further engagement in support of a participatory approach.

Secondly, the current CSI model can only present a transient description of the state of a city at a
fixed point in time; therefore, the model is not amenable to visually interactive manipulation. In the CSI,
the maximization indicators are normalized and then aggregated so that their heights can be visually
compared. However, if following analysis, one indicator is deemed to be more important than another,
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revised weightings must be assigned to the indicators and the indicators re-aggregated. The current
CSI model does not accommodate this type of real-time demand (“what-if” scenarios) and this inability
may hamper advancement in the use of the visualized CSI model in transdisciplinary programs.
Fortunately, integrated technologies are available that provide multimodal display of interaction with
information in real time [71]; these tools must be used to develop a computer-based, visually interactive
CSI model that allows easy manipulation of weightings among indicators and thereby provides instant
alternative graphical representations of different scenarios. In future developments of the CSI model,
cause-effect relationships among the sustainability indicators must be identified and included. This
feature will allow stakeholders to use a computer-based visualized CSI model to explore various
decision choices for city sustainability through the use of co-design and co-production approaches.
Furthermore, the identification and inclusion of the unique aspects of city characteristics into the
CSI model, as discussed earlier, will add another dimension in the exploration of the cause-effect
relationships among the existing indicators, the newly identified characteristics of cities and the
performance of the urban sustainable development.

Finally, the effective use of the visualized CSI model is strongly dependent on the availability
of a large quantity of data. In addition, the boundaries of cities in this study are defined based on
population density (i.e., urban settlement area), which do not necessarily match the politically defined
city boundaries. For this reason, the collection and processing of the required data sets can be highly
labor-intensive as well as prohibitively expensive. However, public participation through co-design
and co-production processes, aided by a consortium of major cities, has gradually gained popularity
as an essential component in the management of urban development, because such a participatory
approach can help close resource gaps [72]. To help reduce data-gathering costs, public participants
can be recruited and trained to conduct surveys for collecting data [67,73]. The involvement of
citizens in data collection could provide the CSI with better and larger data sets. If this enhanced
supply of data could be continually processed and updated in a refined visualized CSI model, further
public engagement would be encouraged, as well as interactions between stakeholders, which may
eventually generate a positive feedback in the context of city sustainability (Figure 6). The importance
of continually revising and refining the visualized CSI model is crucial to its meeting the challenges of
these critical issues in the context of city sustainability.

Figure 6. Schematic diagram of a feedback loop facilitated by use of the City Sustainability Index model.

5. Conclusions

We have developed a 3-D model of a City Sustainability Index (CSI), based on our original concept
of city sustainability. A sustainable city is one that maximizes the total socio-economic net benefits
within constraint conditions of environmental limits and socio-economic equity. In accordance with
this concept, the system of the CSI comprised two types of indicators: maximization indicators and
constraint indicators. The former measure the benefits that a city generates in socio-economic aspects.
The latter judges whether a city meets the necessary minimum conditions for city sustainability.
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The 3-D model of the CSI shows the results of the analysis in a user-friendly succinct way. To provide
this visualization, the height of a model for a city represents the results for the maximization indicators,
whereas blue or red globes displayed at the top of the model indicate how many city sustainability
constraint conditions are satisfied.

When pursuing city sustainability in practice, the choice of constraint indicators should be made
using a top-down approach on the basis of scientific knowledge. On the other hand, maximization
indicators should be selected and weighted by implementing a bottom-up approach because this
method respects the diversity of values that multiple stakeholders hold, which may be specific to a
particular city. The flexibility in the choice and the prioritization of maximization indicators could
be the key to successfully involving relevant stakeholders in transdisciplinary research towards
city sustainability.

Crucially, for the involvement of appropriate stakeholders and the implementation of relevant
policies towards sustainability in cities, complicated information must be conveyed to diverse
stakeholders in a simple and straightforward manner so that the current and future situations on
sustainability can be readily understood by all the key parties in the process, including non-experts.
The visualized model of the CSI can contribute to this conveyance, and also potentially play a significant
role in sustainability education.

Finally, it is worth noting here that transdisciplinary co-creation processes consisting of co-design,
co-production and co-dissemination have been urgently required for practically solving global
sustainability issues according to Future Earth (www.futureearth.org). However, these terms are
relatively new and hence they have still remained equivocal even conceptually. As a result, it is not yet
clear as to what kinds of practical activities in the transdisciplinary processes need to be conducted.
This line of research should therefore be further carried out. This paper suggests that the visualized
model of CSI can contribute to transdisciplinary co-creation processes for city sustainability.
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Abstract: On-road vehicle emissions are one of the major sources of transport emissions. As a key
design factor, road grades (or road slopes) have significant effects on on-road vehicle emissions,
particularly on Heavy-Duty Vehicles (HDVs). However, the research into the relationship between
road grades and on-road vehicle emissions is very rare in China. Taking a road network in Taiyuan,
China, as a study area, this paper explored the influences of road grades on carbon monoxide
(CO), hydrocarbon (HC), and nitrogen oxide (NOx) emissions of HDVs. Combining emissions data
collected by Portable Emission Measurement System (PEMS) with Vehicle Specific Power (VSP), we
developed an emission rate model of HDVs. Then, we integrated it with the traffic simulation model
VISSIM to attain the emissions of HDVs on nine scenarios differentiated by road grades. The results
showed that the three emissions are found to be highly correlated to road grades, among which the
CO emissions are most sensitive to the change of road grades and the HC emissions least. Compared
to the emissions at 0% grade, the emissions at 4% grade will be boosted from 39.0% to 60.6%. The CO
and NOx emissions increase with the road grades in all nine scenarios, while the variations of HC
emissions in different scenarios were complicated. The findings of this research will provide insights
for policy-makers, scholars, and practitioners into strategies for improving road design to reduce
traffic emissions and develop sustainable transportation in China.

Keywords: road grades; heavy-duty vehicles; emissions; sustainable transportation; China

1. Introduction

The combustion of fossil fuels by vehicles leads to road traffic emissions, which are one of the
most significant sources of primary air pollutants. Air pollution is a major risk to health and to the
environment, in developed and developing countries alike. Most sources of outdoor air pollution are
well beyond the control of individuals and demand action by cities, as well as national and international
policymakers in sectors like transport and energy waste management [1]. Road transport often appears
as the single most important source of urban pollutant emissions in source apportionment studies, and
road transport is likely to remain a large contributor to air pollution in the coming decades [2–4].

Motor vehicle emissions are a primary concern because of their potential detriment to local air
quality and global atmospheric conditions. Although significant progress has been made to limit
the pollutant emissions from individual vehicles, emissions from conventional gasoline-powered
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motor vehicles remain a concern in the United States (U.S.) and account for the majority of petroleum
consumption [5]. In Europe, with the successful implementation of catalytic converters in gasoline
vehicles, the transport sector, which used to be the highest emitter of Carbon Monoxide (CO), has
reduced its CO emissions significantly (61% from 2003 to 2012). The transport sector is also the largest
contributor to Nitrogen Oxides (NOx) emissions, accounting for 46% of total European Union (EU)-28
emissions in 2012 [6]. The precise information of on-road vehicle emissions is crucial for the evaluation
of the contribution of road traffic in general. For this reason, major efforts are being made for the
reduction of polluting emissions from road transport all over the world [7].

Humanity has entered a new era of sustainability challenges, in striving to prevent our society
and future generations from tipping into disastrous states, sustainable development has remained
one of the primary policy goals in the large majority of countries around the world. Even the
transport infrastructure sector has come to realize that development must not come at the expense of
environmental and social objectives [8–10]. Over the past several decades, with rapid urbanization,
many cities across the world, especially in developed countries, have experienced explosive trends in
road construction and motorization. Although this has greatly increased people’s mobility in daily life,
it has also led to a series of problems, such as exhausting the finite fuel reserves and raising vehicle
emissions. Therefore, the sustainability of cities is threatened by excessive automobile dependency [11].

How do road design and traffic management factors (e.g., road grades, lane width, and speed
limit) influence on-road vehicle emissions? Currently, studies focusing on the relationships between
significant factors and on-road vehicle emissions remain generally weak, providing insufficient
support for strategies and guidelines from the perspective of improving road design and management.
Therefore, it is imperative for policy-makers, scholars, and practitioners to investigate the factors
significantly associated with on-road vehicle emissions to draw up strategies and guidelines to achieve
the goal of reducing vehicle emissions and developing sustainable transportation. With data collected
in Taiyuan, China, the aim of this paper is to explore the relationship between road grades and CO,
Hydrocarbons (HC) and NOx emissions of Heavy-Duty Vehicles (HDVs) in, and provide guidance
for the design of road grades that facilitates the reduction of on-road vehicle emissions and the
development of sustainable transportation.

2. Literature Review

2.1. Road Grades and On-Road Vehicle Emissions

Over the past several decades, the volume of literature on the relationship between various factors
and on-road vehicle emissions in the Western context has exploded, explaining why and how those
factors might influence on-road vehicle emissions from diversified perspectives [12–20]. Among those
studies, an increasing number of studies have explored the influences of road design factors, e.g.,
template (width, full bench/side cast), curve widening, and grade (or slope), with an attempt to reduce
emissions through the improvement of road design methodology [15,17]. In Table 1, we listed some
studies on the changes of fuel consumption and emissions (Carbon Dioxide (CO2), CO, HC, and NOx)
with the change of road grades. The information in Table 1 indicated that:

(a) Three out of six papers considered uphill only and the other three analyzed both uphill
and downhill.

(b) Generally, positive road grade yields higher emissions and negative road grade results in
lower emissions.

(c) Among the three papers analyzing both uphill and downhill, Boriboonsomsin and Barth [15],
and Frey et al. [21] concluded that the fuel change at locations with negative grade is higher than
the fuel change at locations with positive grade. However, Boroujeni and Frey had the opposite
conclusion [22].
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It must be noted that these literatures deduced their conclusions under the condition of many
restrictions, such as the test sites, categories of vehicles and fuels, driving behaviors, etc. Taking
vehicles as an example, the first and third papers in Table 1 used light-duty vehicle while the sixth used
passenger cars and trucks. Therefore, each paper in Table 1 has its own limited conditions, and they
may not represent the situation at other conditions. In addition to studies in Table 1, some other papers
also discussed the relationship of road grades on engine performance or vehicle emissions. Wyatt et al.
found it was not correct to assume that the increased emissions on uphill slopes will be offset by the
decreased emissions on paired downhill sections [23]. On the contrary, Prati et al., indicated that the
presence of both positive and negative grades along the same route has the effect of balancing these
opposite influences on engine performance [24]. Alam et al., observed that at lower grades, the change
rates of emissions were higher and as the grade increases the change rates decrease [25]. Considering
the brakes, Kern et al., through the use of a model, found that vehicle emissions rose sharply once hills
were sufficiently steep to warrant the use of brakes [26]. In the study of Silva et al., the average HC and
CO emissions for the entire segments slightly decreases for scenarios involving grades between 1%
and 3% and then increase relatively to the baseline [13].
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2.2. Review of Previously Research Methods

The most-frequently used method of “road design–on-road vehicle emissions” related studies is
constituted by the collection of emissions data, development of an emission rate model, integration of
emission rate model and traffic simulation models, and statistical analysis [12,14].

2.2.1. Collection of Emissions Data

On-board Portable Emission Measurement System (PEMS) is widely used in on-road vehicle
emissions studies [13]. PEMS is able to collect the data of second-by-second emissions and speed
variation of the vehicle under real-world conditions at any location traveled by the vehicle [17]. The
relationship between second-by-second speed variation and on-road vehicle emissions can be used
to build emission rate model. It is certain that this kind of emission rate model is more reliable than
other microscopic emission models, because measurements are obtained during real-world driving,
eliminating the concern about non-representativeness that is often an issue with dynamometer testing,
and at any location, eliminating the site restrictions inherent in remote sensing [28].

2.2.2. Development of Emission Rate Model

Since the 1970s, different emission rate model were developed to estimate transport emissions
with the purpose of focusing control strategies and transportation planning on those that are most
effective, predicting how different strategies will effect local emissions, and measuring progress in
reducing emissions over time. The Mobile Source Emissions Factor (MOBILE) model, first developed
in the late 1970s in the U.S., is an emission rate model for predicting gram per mile emissions of
CO2, CO, HC, and NOx, particulate matter (PM), and toxics from cars, trucks, and motorcycles under
various conditions [29]. MOBILE has been replaced by Motor Vehicle Emission Simulator (MOVES) as
U.S. Environmental Protection Agency’s (EPA) official model for estimating emissions from cars, trucks
and motorcycles. MOVES is able to estimate emissions for mobile sources covering a broad range
of pollutants and allows multiple scale analysis [30]. Another emission rate model, Comprehensive
Modal Emissions Model (CMEM), was initially developed in the late 1990s with sponsorship from the
National Cooperative Highway Research Program (NCHRP) and EPA to fulfill the need for microscopic
emissions modeling. CMEM is microscopic in the sense that it predicts second-by-second tailpipe
emissions and fuel consumption based on different modal operations from the in-use vehicle fleet [31].
Outside the U.S., Davis et al., developed the International Vehicle Emissions (IVE) model to make
estimates of local air pollutants (criteria pollutants), greenhouse gas emissions, and toxic pollutants
from motor vehicles [32].

Previous studies found out that the instantaneous vehicle emissions were highly correlated to
the power output, i.e., Vehicle Specific Power (VSP, kw/ton) [33]. It can be defined as the engine
power output per unit vehicle total mass and takes into account aerodynamic drag, tire rolling
resistance and road grade. VSP is a variable that relates the second-by-second vehicle emissions with
the vehicle’s instantaneous driving modes, which can be calculated from the instantaneous speed,
acceleration and road grade [18]. Recently, VSP has been well accepted and widely applied in studies
on emission modeling and prediction [34]. In China, the VSP-based emission rate model has been
studied in the past several years. Qi et al. developed microscopic emissions models that predict vehicle
fuel consumption and emissions by using instantaneous speed and acceleration and deceleration as
explanatory variables [35].

2.2.3. Integration of Emission Rate Model and Traffic Simulation Models

PTV VISSIM is a microscopic multi-modal traffic flow simulation software package developed by
PTV Planung Transport Verkehr AG in Karlsruhe, Germany. The name is derived from “Verkehr In
Städten—SIMulationsmodell” (German for “Traffic in cities—simulation model”). VISSIM was first
developed in 1992 and the latest version is PTV VISSIM 7 which was released in 2014. Song et al.,
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studied the applicability of traffic simulation model VISSIM in vehicle emission estimations based on
VSP distribution [36]. Bing et al., and Zhang et al., investigated the relationship of intersection lane
configuration and speed limit to vehicle emissions with VSP-based emission rate model [12,14].

Microscopic traffic simulation models, e.g., VISSIM, Paramics, were employed together with
emission rate model for more complicated analysis. With the integration of VISSIM and CMEM, Noland
et al., evaluated the impact of the changes of road capacity on vehicle emissions [19]. Stevanovic et
al. linked VISSIM and CMEM to optimize signal timings and minimize fuel consumption and CO2

emissions [20]. By integrating VISSIM with MOVES, Lv et al. investigated the effects of traffic signal
coordination on emissions and compared it with their effects on operational performance measures
of delay and stops [37]. Paramics, another commonly used microscopic traffic simulation model,
has also been employed in analyzing on-road vehicle emissions. Using Paramics, Chamberlin et al.,
compared the emissions estimates from MOVES to those generated by CMEM [16]. Bartin et al.
integrated MOBILE6.2 in Paramics and presented a microscopic simulation-based estimation of the
spatiotemporal change in air pollution levels as a result of Electronic Toll Collection (ETC) deployment
on a large-scale traffic network [38]. By integrating Paramics with CMEM, Boriboonsomsin et al.,
estimated and compared vehicle emissions contributed from two types of High Occupancy Vehicle
(HOV) lane configurations [15].

2.3. Studies on On-Road Emissions of HDVs in China

Although some scholars have preliminary established VSP based emission rate model with data
collected in China, they rarely focused on on-road emissions of HDVs. HDVs, as diesel vehicles, are
responsible for nearly 20 percent of CO2 emissions from transportation in China, and at the same
time, produce high levels of CO, HC, NOx, and PM. These emissions are not only related to global
warming and environmental disruption, but are also associated with bronchitis, asthma, and other
lung diseases, and are responsible for millions of premature deaths worldwide [39]. Meanwhile, as a
key geometric design factor, road grades are found to have significant effects on on-road vehicle
emissions, particularly on HDVs [15,40,41]. However, research into the relationship between road
grades and emissions of HDVs is very rare, especially in China.

In this paper, we present research results from a case study aiming at unraveling the influences of
road grades on CO, HC and NOx emissions of HDVs, with data collected from Taiyuan Metropolitan
Area, China. The reason we focus on CO, HC and NOx emission is because they account for nearly 90%
of total on-road vehicle emissions in China [42]. In accordance with national standard, the HDVs in
this study are diesel vehicles with a weight of over 3500 kg. Firstly, we establish an emission rate model
of HDVs under VSP-bins with the data collected from a PEMS, OBEAS-3000 (developed by Xiamen
Tongchuang Detection Technology Co., Ltd, Xiamen, China), in Taiyuan. Secondly, with the integration
of emission rate model of HDVs and VISSIM, we calculate the CO, HC, and NOx emissions of HDVs
in 9 scenarios differentiated from road grades (from 0% to 4%). Then, we statistically analyze how
road grades are associated with the CO, HC, and NOx emissions and the total equivalent emissions
of HDVs. Finally, based on the research findings, we discuss strategies oriented towards reducing
emissions of HDVs. The findings of this study will provide insights for policy-makers, scholars, and
practitioners into the improvement of road grade design with an attempt to reduce traffic emissions
and develop sustainable transportation in China.

3. Data and Method

3.1. Study Area

Since the implementation of reform and opening up policy in 1978, China has experienced a major
demographic transition of rapid and intense urbanization and motorization [43–45]. From 1978–2014,
the level of urbanization in China tripled from 17.9%–54.77%, and the level of motorization boomed
at 20% annually [46,47]. This situation has contributed to China’s increasingly severe transport and
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environmental problems [48]. Among those problems, transport energy consumption and emissions
have become issues of public concern. By the end of 2014, in China’s total emissions, the transport
emissions have covered over 25% [49], among which on-road vehicle emissions covered over 85% of
all transport emissions [8]. In the Copenhagen Accord of the 2009 United Nations Climate Change
Conference, the Chinese government has committed to reducing the emissions per unit Gross Domestic
Product (GDP) by 40%–45% by 2020 as compared to 2005 [50]. In response to that goal, the Ministry of
transport of the People’s Republic of China has also committed to reduce on-road vehicle emissions by
11% in 2015 as compared to in 2005.

We chose a road network in Taiyuan Metropolitan Area, China, as the study area. Taiyuan is the
capital and largest city of North China’s Shanxi province, with a total population of 429.89 million
inhabitants on 6959 km2 (by the end of 2014) [51]. Mountainous regions and hills make up 80.1% of
the whole Shanxi province, leading to bigger road grades than plain areas [51]. Shanxi Province is a
leading producer of coal in China, with more coal companies than any other province and an annual
production exceeding 300 million metric tons [51]. HDVs are major players in Shanxi’s transport sector
for coal transportation. However, they also produce vast emissions, raising increasing concerns about
environmental disruption and public health. Therefore, examining the influences of road grades on
HDVs in Shanxi would facilitate emissions reduction through the improvement in road design.

The road network we chose in Taiyuan included five roads, Wucheng Road (1.4 km), Renmin
Road (1.4 km), Kangning Street (1.5 km), Changsheng Street (1.3 km), and Tongda Street (1.3 km)
(Figure 1). This road network is located at south Taiyuan, a newly urbanized area where there used to
be villages and farmlands. The road network was chosen because of its representativeness in Shanxi
Province, featuring high ratios of HDVs and big road grades. The HDV ratios of traffic volume on the
five roads, especially on Wucheng Road and Renmin Road, are as high as 20%. That is partly due to
the fact they are major arterials connecting the urban core of Taiyuan to the suburban and rural areas.
The road grades of the chosen network range from 0%–4%, which is in accordance with the range of
lowest and highest grades of ascent road segments regulated in the national road design manual.

Figure 1. Study area (Courtesy of Baidu).
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3.2. Development of Emission Rate Model Based on On-Board PEMS and VSP

3.2.1. Data Collection

In this study, we collected three types of data: traffic volume of HDVs and light-duty vehicles,
road grades design, and on-road HDV emissions. The traffic volume data were counted on the morning
and afternoon peak hours during 7:30–9:30 a.m. and 4:30–6:30 p.m. on 12 November 2013. The data
of road grades design were collected from Transport Department of Shanxi Province. The on-road
vehicle emissions data were collected by an on-board PEMS, OBEAS-3000, on the same day of traffic
volume count.

On-board PEMS is able to collect second-by-second speed and emissions variation of the vehicle
under real-world conditions. OBEAS-3000 is an integrated and high precision PEMS developed by the
Xiamen Tong Chuang Detection Technology Co, Ltd. and can be used in petrol and diesel engines in
light and heavy-duty vehicles [12]. OBEAS-3000 is comprised of five-gas analyzer, engine diagnostic
scanner, on-board computer and Global Positioning System (GPS) (Figure 2). The five-gas analyzer
E-BOX PC is imported with original packaging from SIEMENS, Germany, which is used to measure the
volume percentage of CO, CO2, HC, NOx, and O2 in the vehicle exhaust. Simultaneously, the engine
scanner is connected to the On-Board Diagnostics (OBD) link of the vehicle, where engine and vehicle
data are downloaded during vehicle operation. Engine data is used to calculate the volume flow rate of
CO, CO2, HC, NOx, and O2 in the vehicle exhaust, which is combined with the volume percentage to
output the instantaneous mass flow rate (mg/s). The laptop is used to record the different parameters,
such as temperature, humidity, and information regarding each test vehicle. The GPS is used to
improve the precision of speed and acceleration. In addition, events during trips are also recorded
with the GPS and laptop computer, including the time at which the vehicle crosses the centerline of
key intersections and the path the vehicle travels.

Figure 2. The application and user interface of OBEAS-3000.

According to the vehicle type and vehicle weight data from Transport Department of Shanxi
Province, the HDVs weighing over 10 ton occupied nearly 70% of the HDV fleet in the chosen road
network. Therefore, one heavy-duty vehicle produced by Chinese manufacturer First Automotive
Works (FAW) (Table 2) was selected to collect on-road emissions data by OBEAS-3000. The data
included second-by-second CO, HC and NOx emissions, and the speed and acceleration. The durations
of each test were about 30 min and 10 tests were conducted. The average test distance is about 15 km.
More than 16,000 groups of valid records were collected from the vehicles.
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Table 2. Basic information of the testing vehicles.

Parameters HDV

Manufacturer FAW * Car Co., Ltd
Brand Jie Fang

Year of Manufacture 2012
Total Mass (kg) 15790

Engine Displacement (L) 6.6
Fuel Type diesel

Emission Standard Euro IV with EGR * + FEUP *
Mileage 10000

* FAW stands for First Automotive Works, EGR stands for Exhaust Gas Recirculation, and FEUP stands for FAW
Electronic Unit Pump.

3.2.2. Definition of VSP & VSP-Bin

Recent studies have shown that the instantaneous vehicle emissions were highly correlated to
VSP [34]. Therefore, the variable based on VSP, rather than instantaneous speed or average speed,
is the core explanatory variable for analyzing energy consumption and emission of vehicles. In this
study, we employed VSP to develop an emission rate model. VSP is a widely accepted explanatory
variable, generally defined as the power required per unit mass of the vehicle, also known as the ratio
of the power of the vehicle. According to existing literature, the formula of VSP for HDVs in China is
expressed as follows [52]:

VSPHDV = v × (a + 9.807 × sin θ+ 0.186333) +
3.702456

m
(1)

where v is the vehicle speed (m/s); a is the acceleration (m/s2); θ is the angle of road grade; m is the
vehicle weight (ton).

In order to better capture the emission characteristics under the concept of VSP, VSP values were
usually distributed into bins, and the vehicle emissions are averaged under the same VSP-bin [53].

3.2.3. Emission Rate Model Based on On-Board PEMS and VSP

With collected data, we were able to calculate the VSP values and group the second-by-second
emissions data into different VSP-bins. The principle of VSP-bin division is to keep the balance of each
bin in emission rates and emission contributions [12]. After an analysis of emission data, it was found
that 97.6% of all data fell into the VSP range of −25 to 25 (kw/t). Furthermore, we made sure that the
numbers of emission data under each VSP-bin were no less than 20. The specific frequency distribution
of VSP and proportion of different VSP range are illustrated in Figure 3 and Table 3. In Table 4, we
listed the resulting emission rates of HDVs under each VSP-bin.
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Figure 3. Frequency distribution of VSP.

Table 3. Proportion of different VSP range.

VSP Range Proportion (%)

[–5, 5] 57.80
[–10, 10] 72.08
[–15, 15] 83.74
[–20, 20] 92.26
[–25, 25] 97.59
[–30, 30] 98.65
[–35, 35] 99.24
[–40, 40] 99.57

Table 4. Emission rates of HDV under VSP-bin (based on experimental values measured on one vehicle).

VSP-bins Range CO (mg/s) HC (mg/s) NOx (mg/s) Frequency

1 (−∞, −25) 1.3250 1.7616 7.1723 100
2 [−25, −20] 0.9457 2.6399 7.6521 230
3 [−20, −14] 1.4794 3.2946 8.7245 617
4 [−14, −10] 1.3027 3.3108 12.0206 498
5 [−10, −5] 3.6174 4.7910 6.4120 888
6 [−5, −2] 5.1957 6.9809 11.4792 935
7 [−2, −1] 11.4613 2.2593 33.8444 553
8 [−1, 0] 7.9797 1.0422 21.4202 498
9 [−1, 0] 9.9653 0.9430 36.9548 3993
10 [1, 2] 15.1145 3.0147 60.0636 631
11 [2, 5] 23.8573 2.9065 62.1429 1168
12 [5, 10] 37.2366 4.6050 93.3285 1144
13 [10, 14] 41.1333 3.1037 66.9862 738
14 [14, 20] 24.9549 3.5288 81.3605 989
15 [20, 25] 12.5323 2.7615 94.7466 574
16 [25, +∞) 16.6543 3.1497 106.1606 322

3.3. Integration of Emission Rate Model and VISSIM

The simulation model used in this study is VISSIM (version 4.3) as developed by PTV Planung
Transport Verkehr AG in Karlsruhe, Germany. VISSIM is a stochastic, microscopic, time-step and
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behavior-based simulation model [54], integrating a psychophysical driver behavior model developed
by Weidmann and a traffic model that is discrete and stochastic using driver-vehicle-units as single
entities [55]. The parameters such as instantaneous speed, acceleration and vehicle weight, which are
input for VSP calculation, could be generated from VISSIM.

3.3.1. Calibration and Validation of Microscopic Traffic Simulation Model, VISSIM

Microscopic traffic simulation models have been widely used because simulation is user-friendly,
safer, faster, and less expensive than field implementation and testing. In practice, simulation model
based analyses have often been conducted under default parameter values or best guessed values.
At times, simulation model outputs could result in unrealistic estimates if the simulation model is not
properly calibrated and validated. Thus, calibration and validation of simulation models are crucial
steps in assessing their value in transportation operations, planning, and policy [56].

Microscopic simulation models contain a lot of independent parameters with default values for
each variable. However, the users can input a range of values for the parameters. Model calibration is
defined as the process by which the individual components of the simulation model are adjusted or
tuned so the model can accurately represent field measured or observed traffic conditions, and model
validation tests the accuracy of the model by comparing traffic flow data generated by the model with
that collected from the field [57].

In this paper, we referred to the calibration and validation procedure developed by Park et al. [1]
and Sun et al. [58,59] whose case study is VISSIM and the test-bed network is a little similar to our
research. Specifically, the procedure has 10 steps: (a) measure of effectiveness selection (include target
value and calibration target); (b) data collection; (c) calibration parameter identification; (d) initial
evaluation; (e) experimental design; (f) run simulation; (g) surface function development; (h) candidate
parameter set generations; (i) evaluation and (j) validation through new data collection.

The implementation of the procedure includes:

(a) Two measures of performance were selected for the calibration and validation procedure, which
were (1) eastbound left-lane travel times on Tongda Road; and (2) the maximum queue length
between the intersections of Renmin Road and Changsheng Road. These performance measures
were chosen because of their ease of collection from the field and from VISSIM output files.
The target value of average field eastbound left-lane travel time was 155.74 s, and the field
maximum queue length was 43.2 m. The calibration target is the field data is in the 95% confidence
interval of the simulation data.

(b) Field data of the two performance measures was extracted from the video surveillance system of
Shanxi Provincial Highway Bureau.

(c) Calibration parameters here included number of observed preceding vehicles, minimum headway,
average standstill distance and waiting time before diffusion (as shown in Table 5). We chose the
acceptable ranges of values by Sun et al., for this research.

(d) In the initial evaluation part, simulation data from VISSIM with default parameters were collected
from 50 random seeded runs. With the limitation of the time and space of field measurement, the
field data may be lower or higher than the true mean. So it is better to compare the field data
with the distribution of the 50 simulation runs instead of average simulation data. The analysis
results with Statistic Package for Social Science (SPSS) were shown in Figure 4.
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Table 5. Default and acceptable range of candidate parameters value.

Calibration Parameters Default Value
Acceptable Ranges of
Values by Park et al.

Acceptable Ranges of
Values by Sun et al.

number of observed preceding vehicles 2 1–4 1–4
minimum headway (m) 0.5 0.5–7 0.5–4

average standstill distance (m) 2 1–3 1–3
waiting time before diffusion (s) 60 20–40 45–120

From the one-sample test of SPSS, we could find that:

(a) p = 0.128 > 0.05, which means that there is no obvious difference between the average field travel
time and the average simulation travel time (p > 0.05).

(b) 95% Confidence Interval of the Difference is (153.7280, 154.8712), and the average field travel
time is in the 95% confidence interval.

From the one-sample test of SPSS, we could find that:

(a) p = 0.224 > 0.05, which means that there is no obvious difference between the average field
maximum queue length and the average simulation maximum queue length (p > 0.05).

(b) 95% Confidence Interval of the Difference is (42.8802, 43.2766), and the average field maximum
queue length is in the 95% confidence interval.

Figure 4 above indicated that both average field travel time and field maximum queue length
were in the given confidence interval, therefore, calibration was not necessary for this research,
nor the next several steps. This also means VISSIM with default parameters could be used in the
following simulation.

This study used several days of data collection and two measures of performance. It is
recommended to collect more field data and to consider variability of field data if possible. In future
research, we will determine whether the process is applicable to other networks or simply to this
specific one.

Figure 4. Eastbound left-Lane travel time distributions (left) and maximum queue length distributions
(right) of default parameters.

3.3.2. Simulation Process

Process flow diagram of the simulation of highway segments is shown in Figure 5. The simulation
in this paper was divided into three steps.

• Step 1: Determine the simulation parameters, such as the length and width of road segment, the
road grades, traffic flow characteristics, vehicle velocity distribution, simulation time and the start
time of data statistics, etc. (Table 6).
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• Step 2: Build simulation scenarios: Add and edit road links, define the traffic distribution and
the composition of traffic flow, input traffic flow and set the simulation parameters. We set nine
research scenarios (from G1 to G9) with road grades changing from 0%–4% at an increment of
0.5% (Figure 6).

• Step 3: Run simulation and generate data: Run the simulation 10 times across all nine scenarios
and output the data that were needed in calculating VSP, such as acceleration, speed, and road
grades. Other related selected parameters are lane number, link number, simulation time, speed,
start time, total path distance, total time in network, vehicle number, vehicle type, vehicle type
name and weight (Figure 7).

Figure 5. Process flow diagram of the simulation of highway segments.

Table 6. Simulated operation parameters based on the real condition of study area.

Characteristic Indexes Parameters

The length of simulation road segment (m) 800 *
The lane width (m) 3.5

The traffic flow per lane (veh/h) 300
Simulation time (s) 300

Time to start recording data (s) 30
Distribution of vehicle velocity (km/h) 30–60

Range of road grades (%) 0–4
The number of lanes (ascent) 2
The proportion of HDV (%) 20

* denotes the length of the road link was set based on China’s national standard, Design Specification for Highway
Alignment (JTGD20-006) and a previous paper of Pei et al., in which the ideal grades and the maximum unlimited
grade lengths were stated [60].

262



Sustainability 2015, 7, 12644–12671

Figure 6. Set of link data and base data in scenario building.

Figure 7. Set of output parameters.

4. Results

4.1. The CO, HC, and NOx Emissions across Different Scenarios

Nearly 7800 groups of valid records were collected from VISSIM for each scenario in one
simulation, adding up to over 700,000 groups of valid records for all scenarios in total. We input
the results of VISSIM into formula (1) to calculate the second-by-second VSP of each HDV and the
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corresponding VSP-bin. Then, we attain the CO, HC, or NOx emissions of an HDV by adding up
second-by-second emission in coordination with VSP-bin. Finally, we obtain the CO, HC, or NOx

emissions of the road segment by adding up the emissions from all the 120 HDVs (=300veh/lane
× 2 lanes × 20%) in the simulation. For each scenario, we averaged the results from 10 repeated
simulations to increase the reliability of the results. The emission rate and total emissions of the three
pollutants were listed in Tables 7 and 8.

Table 7. Emission rate of CO, HC, and NOx under different simulation scenarios.

No. G (%) CO (mg/s × veh) HC (mg/s × veh) NOx (mg/s × veh)

G1 0.0 23.037 3.032 64.774
G2 0.5 25.395 3.503 74.171
G3 1.0 26.763 3.567 74.882
G4 1.5 28.496 4.087 76.866
G5 2.0 30.694 3.975 78.117
G6 2.5 32.950 3.969 78.314
G7 3.0 35.085 4.320 84.083
G8 3.5 36.347 4.278 87.018
G9 4.0 36.493 4.249 88.520

Table 8. Total emissions of CO, HC, and NOx under different simulation scenarios.

No. G (%) CO (g) HC (g) NOx (g)

G1 0.0 11.6790 1.5308 32.8692
G2 0.5 12.9485 1.7639 37.9185
G3 1.0 13.6412 1.8267 38.5050
G4 1.5 14.4942 2.0907 39.4503
G5 2.0 15.5938 2.0346 39.9430
G6 2.5 16.7920 2.0290 40.0033
G7 3.0 17.9477 2.2002 43.0880
G8 3.5 18.6450 2.2095 44.7864
G9 4.0 18.7627 2.2074 45.6840

4.2. Change Rate Analysis

In this section, we presented the change of CO, HC and NOx emissions when road grades change.
Specifically, we employed change rate of other scenarios and baseline scenario, which indicated the
variations of CO, HC and NOx emissions between scenarios 2–9 and the baseline scenario 1. We also
used change rate of adjacent intervals to illustrate the variations of emissions between different
scenarios which indicated the variations between a scenario and the adjacent scenario.

4.2.1. CO Emissions

The CO emissions grew with the increase of road grades, reflected by the increasing change rate
of other scenarios and baseline scenario and positive change rates of adjacent intervals. The change
rate of adjacent intervals was biggest (0.1087) when the grade increased from 0%–0.5%, followed by
the grades increasing from 2%–2.5% (0.0768) and from 1.5%–2% (0.0759) (Figure 8 & Table 9). On the
contrary, when the grade increased from 3.5%–4%, the rate of change was the smallest (0.0063).

264



Sustainability 2015, 7, 12644–12671

Figure 8. CO emissions of HDV in different scenarios.

Table 9. Change rate of other scenarios and baseline scenario and change rate of adjacent intervals of
CO emissions in different scenarios.

G (%) CO (g)
Change Rate of Other Scenarios

and Baseline Scenario
Change Rate of

Adjacent Intervals

0.0 11.6790 - -
0.5 12.9485 0.1087 0.1087
1.0 13.6412 0.1680 0.0535
1.5 14.4942 0.2410 0.0625
2.0 15.5938 0.3352 0.0759
2.5 16.7920 0.4378 0.0768
3.0 17.9477 0.5367 0.0688
3.5 18.6450 0.5965 0.0389
4.0 18.7627 0.6065 0.0063

4.2.2. HC Emissions

Generally, with the growth of grades, the overall HC emissions were increasing, as indicated
by 2.2074 g of HC emissions at 4% grade and 1.5308 g at 0% grade. However, the variations of HC
emissions in different scenarios were complicated, reflected by both positive and negative change rates’
adjacent intervals. For example, the change rate was the biggest (0.1523) when the grade increased
from 0%–0.5%, followed by the change rate of 0.1445 from 1%–1.5% (Figure 9 & Table 10). On the
contrary, when the grade changed from 1.5%–2%, the change rate was negative (−0.0268), so were the
change rates from 2%–2.5% (−0.0027) and from 3.5%–4% (−0.0010).
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Figure 9. HC emissions of HDV in different scenarios.

Table 10. Change rate of other scenarios and baseline scenario and change rate of adjacent intervals of
HC emissions in different scenarios.

G (%) HC (g)
Change Rate of Other Scenarios

and Baseline Scenario
Change Rate of

Adjacent Interval

0.0 1.5308 - -
0.5 1.7639 0.1523 0.1523
1.0 1.8267 0.1933 0.0356
1.5 2.0907 0.3658 0.1445
2.0 2.0346 0.3291 −0.0268
2.5 2.0290 0.3254 −0.0027
3.0 2.2002 0.4373 0.0844
3.5 2.2095 0.4434 0.0043
4.0 2.2074 0.4420 −0.0010

4.2.3. NOx Emissions

Similar to the CO emissions, the NOx emissions grew with the increasing of road grades.
The change rate of adjacent intervals was biggest (0.1536) when the grade increased from 0%–0.5%,
followed by the change rate of grade increasing from 2.5%–3% (0.0771) (Figure 10 & Table 11). When
the grade increased from 1.5%–2%, the change rate was the smallest (0.0015).

Figure 10. NOx emissions of HDV in different scenarios.
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Table 11. Change rate of other scenarios and baseline scenario and change rate of adjacent intervals of
NOx emissions in different scenarios.

G (%) NOx (g)
Change Rate of Other Scenarios

and Baseline Scenario
Change Rate of

Adjacent Intervals

0.0 32.8692 - -
0.5 37.9185 0.1536 0.1536
1.0 38.5050 0.1715 0.0155
1.5 39.4503 0.2002 0.0246
2.0 39.9430 0.2152 0.0125
2.5 40.0033 0.2170 0.0015
3.0 43.0880 0.3109 0.0771
3.5 44.7864 0.3626 0.0394
4.0 45.6840 0.3899 0.0200

4.3. Regression Analysis

To explore the relationship between road grades and three traffic emissions, we applied correlation
analysis and polynomial regression in SPSS. The results of the correlation analysis showed that the R2

of CO, HC, and NOx were 0.9855, 0.8433, and 0.9099, respectively. That demonstrated fine goodness of
fit of correlations of the three traffic emissions with road grades. The results of polynomial regression
demonstrated better goodness of fit than correlation regression, reflected by bigger R2 (Table 12).
Generally, the CO emissions showed the greatest goodness of fit while the HC emissions the least in
both correlation analysis and polynomial regression.

Table 12. Polynomial regression correlation analysis between grades and three emissions.

Three Emissions R2 (for Quadratic) R2 (for Cubic)

CO 0.9891 0.9947
HC 0.9326 0.9422

NOx 0.9116 0.9485

4.4. Analysis of Total Equivalent Emissions

The CO, HC and NOx emissions have different degrees of negative impacts on public health and
environment (4). In 2012, the Ministry of Environmental Protection of China published a national
standard, Method for Estimation of Environmental Impact Index of Vehicles, to regulate the evaluation of
the impacts of different traffic emissions [61]. This standard involves the Weight Value (WV) that
demonstrates the weighted scores of different vehicle emissions considering their impact factors on
public health and environment. In specific, the WVs of CO, HC and NOx emissions are 5 points,
10 points, and 15 points, respectively [61], showing that the negative impact of NOx is equivalent
to two times of HC’s and three times of CO’s. Employing the Vehicle Environmental Impact Index
(VEI) and WV, the calculation of the total equivalent emissions of the HDV in the study is expressed
as follows:

Total Equivalent Emission = CO + 2 × HC + 3 × NOX (2)

We illustrated the total equivalent emissions in different scenarios (Figure 11). The overall trend
of the total equivalent emissions is similar with that of the NOx emissions. The reason is because
among the three emissions, the NOx emissions have the biggest exhaust and WV. Specifically, the rate
of change of adjacent intervals (0.1490) was the biggest when the grade increased from 0%–0.5%,
followed by the rate change from 2.5%–3% (Table 13). Meanwhile, when the grade increased from
2%–2.5%, the rate of change rate (0.0098) was the smallest.

267



Sustainability 2015, 7, 12644–12671

Figure 11. Total equivalent emissions of CO, HC and NOx in different scenarios.

Table 13. Change rate of other scenarios and baseline scenario and change rate of adjacent intervals of
total equivalent emissions in different scenarios.

G (%)
Total Equivalent

Emissions (g)
Change Rate of Other Scenarios

and Baseline Scenario
Change Rate of

Adjacent Intervals

0.0 113.3483 - -
0.5 130.2317 0.1490 0.1490
1.0 132.8095 0.1717 0.0198
1.5 137.0266 0.2089 0.0318
2.0 139.4919 0.2306 0.0180
2.5 140.8598 0.2427 0.0098
3.0 151.6122 0.3376 0.0763
3.5 157.4233 0.3888 0.0383
4.0 160.2294 0.4136 0.0178

5. Discussion and Policy Implications

Considering the challenges in moving towards sustainability, this paper, taking the case of Taiyuan
as an example, provided the guidance for the design of road grades that facilitates the reduction of
on-road vehicle emissions and the development of sustainable transportation. This paper presented
findings from a study aiming at unraveling the relationship between road grades and on-road CO, HC,
and NOx emissions of heavy-duty vehicles in China. Taking a road network in Taiyuan, China, as a
study area, this paper studied the relationship between road grades and CO, HC, and NOx emissions of
HDVs in China for the first time. Using emissions data collected by PEMS and VSP, we first developed
an emission rate model of HDVs in Taiyuan Metropolitan Area, China. This is one of the contributions
of this research, which will facilitate future studies on the reduction of on-road vehicle emissions in
China. We will conduct further research to refine this model by using data from more types of vehicles.

Then, we integrated the emission rate model and simulation model VISSIM to attain three traffic
emissions of HDVs on nine scenarios differentiated by road grades. The results of change rate analysis
and regression analysis demonstrated how road grades are associated with on-road emissions of HDVs.
To reveal the different impacts of CO, HC, and NOx emissions on public health and environment, we
then analyzed of the influences of road grades on total equivalent emissions based on the Chinese
national standard.

For this research, the chosen vehicle provided by the Shanxi Provincial Highway Bureau represents
the majority of HDVs operating in Taiyuan Metropolitan Area, China, and thus the results in this
paper may not generally be valid on other roads and areas. However, using vehicles with different
characteristics, such as emission control technology, fuel specifications and operating conditions,
researchers can reproduce our method to obtain specific emission models for their research purpose.
In addition, this paper focuses on the total emissions in the preset scenarios than the emissions in

268



Sustainability 2015, 7, 12644–12671

relation to the vehicles characteristics, especially the engines, so the emission results presented in the
paper expressed in grams may be more appropriate than to evaluate results which are normalized in
respect to the engine work, i.e., emissions in g/kWh.

The relationship of road grades on CO, HC, or NOx emissions shows some similar characteristics.
Generally, road grades are highly correlated to CO, HC, or NOx emissions, as indicated by the
correlation analysis and polynomial regression. Looking at the variations between two adjacent grades,
for CO and HC emissions, the smallest variation of emissions appears when the grade increases from
3.5%–4.0%. Meanwhile, the NOx emissions experience the smallest change when the grade rises from
2.0%–2.5%. The reason for this situation remains unclear and requires further study.

With respect to the CO emissions, the rates of change of adjacent intervals are similar
(5.35%–7.68%) between the road grades of 0.5% and 3.0%. When the grade is over 3.0%, the rates
of change of adjacent are considerably smaller (0.63%–3.89%). In terms of the HC emissions, apart
from the substantial increase when the grade changes from 0%–0.5%, they also drastically increase by
14.45% and 8.44% when the grade changes from 1.0%–1.5% and from 2.5%–3.0%. In other scenarios,
the rates of change of adjacent are small and some are even negative. The NOx emissions will increase
significantly by 15.36% and 7.71% when the grade changes from 0%–0.5% and 2.5%–3.0%. Otherwise,
the variations of NOx emissions are remarkably smaller (0.15%–3.94%).

The CO and NOx emissions increase with the road grades at all nine scenarios, demonstrating
the positive effects of road grades. However, the variations of HC emissions in different scenarios
were complicated. When the grade changed from 1.5%–2.5% and from 3.5%–4%, the emissions even
drop, albeit to varying degrees. This may be due to the fact that HC is exhausted through incomplete
combustion. Previous studies indicated that a low speed leads to a low combustion temperature, which
is closely related to more emissions due to incomplete combustion, especially the HC emissions [62].

One of the main purposes of this study is to illuminate strategies and interventions towards public
health and environmental protection. Therefore, it is necessary to unravel the total impacts of different
emissions in consideration their varying degrees of impacts on public health and the environment.
To this end, we calculated the total equivalent emissions with the weight values of different emissions
from the Chinese national standard Method for Estimation of Environmental Impact Index of Vehicles.
As the NOx emissions have the biggest exhaust and weight value, the road grades are found to have
similar influences on the total equivalent emissions as on the NOx emissions.

Currently, with the urbanization and motorization surge in China, the urban land use is
developing with high density of population, employment and activities, and the on-road traffic volume
is booming. For arterials connecting urban core and outskirts, the ratio of HDVs among the traffic
volume is considerably high, exhausting a large amount of emissions. Hence, it is a rigorous challenge
to reduce the worsening impact of on-road vehicle emissions on public health and the environment.
For road networks with a high ratio of HDVs, the road grades, if applicable, are suggested to be at 0%
in road design. Otherwise, the road grades should be as small as possible due to the high sensitivity of
on-road emissions of HDVs to road grades.

For policy-makers and practitioners, it is important to draw up policies and strategies oriented
towards reducing total equivalent emissions in road design and traffic management, so as to alleviate
environmental disruption, promote public health, and develop sustainable transportation. Specifically,
the total equivalent emissions are always the smallest when the road grade is 0% and biggest when the
road grade is 4%. Therefore, it is recommended that we design the road grade at 0% if the landform
conditions allow. The total equivalent emissions witnessed the most significant increase when the
grade changed from 0%–0.5% and from 2.5%–3.0%. Therefore, if the landform conditions do not permit
designing a level road, it is suggested that the design of road grades changing from 0%–0.5% or from
2.5%–3.0% be avoided.
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6. Strengths and Limitations

This study had a number of strengths and limitations. In terms of the strengths, the study focused
on the on-road emissions of heavy-duty vehicles, which are one of the largest sources of transport
emissions in China. Secondly, the study investigated the relationship between road grades and CO,
HC, and NOx emissions of HDV in China, which has been rarely studied in existing literature. Thirdly,
this study for the first time established an emission rate model for HDVs in China based on PEMS
and VSP. In spite of the strengths above, this paper also had some limitations. The first one was the
restriction of study area and the scope of test times and vehicles. In terms of the road grades alone,
a study on the distribution of the real road grades, which includes uphill road, downhill road and the
combined uphill-and-downhill roads, may be needed for building the next simulation scenarios. For
this reason, the results might not necessarily apply to other road networks in China with characteristics
that were different from the study area. Secondly, this study focused on three major kinds of traffic
emissions. Future studies may expand to other emissions including CO2 and particle pollution (PM).

7. Conclusions

On-road vehicle emissions are one of the major sources of transport emissions. As a key geometric
design factor, road grade significantly affects on-road vehicle emissions, particularly for heavy-duty
vehicles (HDVs). In this paper, we presented research results from a study aiming at unraveling
the influences of road grades on CO, HC and NOx emissions of HDVs, with data collected from
Taiyuan Metropolitan Area, China. Firstly, in the section on on-road emission testing, we developed
an emission rate model of HDVs under VSP-bins with the data collected from a PEMS, OBEAS-3000,
in Taiyuan. The establishment of this model contributes to facilitating future studies on the reduction
of on-road vehicle emissions in China. Secondly, in the section on simulation, with the integration
of an emission rate model of HDVs and VISSIM, we calculated the CO, HC, and NOx emissions of
HDVs in nine simulation scenarios differentiated according to road grades (from 0%–4%). Then, we
statistically analyzed how road grades are associated with the CO, HC, and NOx emissions and the
total equivalent emissions of HDVs. Finally, based on the research findings, we discussed strategies
oriented towards reducing emissions of HDVs.

The relationship of road grades with the CO, HC, or NOx of HDVs shows some similar
characteristics. The three emissions are found to be highly correlated to road grades, among which
the CO emissions are most sensitive to the change of road grades and the HC emissions least. All
three emissions experience the biggest change, ranging from 10.9% (CO) to 15.4% (HC), when the road
grade rises from 0%–0.5%. HDVs exhaust least CO, HC, or NOx emissions when the road grade is 0%
and most at 4%. Compared to the emissions at 0%, the emissions at 4% grade will be substantially
boosted from 39.0%–60.6%, among which the CO emissions see the biggest rise and HC the smallest.
The CO and NOx emissions increase with the road grades in all nine scenarios, demonstrating the
positive effects of road grades. However, the variations of HC emissions in different scenarios were
complicated. This may be due to the fact that HC is exhausted through incomplete combustion.
Looking at the total equivalent emissions, road grades are found to have similar influences on them as
on the NOx emissions.

The findings of this study will facilitate our understanding on the relationship between
road grades and on-road vehicle emissions of HDVs. The findings will also provide insights for
policy-makers, scholars and practitioners in China into the improvement of road grade design with
an attempt to reduce traffic emissions, alleviate environmental disruption, promote public health,
and develop sustainable transportation, with the ultimate aim of moving towards sustainability in
the future.
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Abbreviation List

HDVs Heavy-Duty Vehicles
CO Carbon Monoxide
HC Hydrocarbons
NOx Nitrogen Oxides
CO2 Carbon Dioxide
PEMS Portable Emission Measurement System
VSP Vehicle Specific Power
U.S. United States
EU European Union
MOBILE Mobile Source Emissions Factor Model
MOVES Motor Vehicle Emission Simulator
EPA Environmental Protection Agency
CMEM Comprehensive Modal Emissions Model
NCHRP National Cooperative Highway Research Program
IVE International Vehicle Emissions
VISSIM Verkehr In Städten—SIMulationsmodell
ETC Electronic Toll Collection
HOV High Occupancy Vehicle
GDP Gross Domestic Product
GPS Global Positioning System
OBD On-Board Diagnostics
FAW First Automotive Works
EGR Exhaust Gas Recirculation
FEUP FAW Electronic Unit Pump
SPSS Statistic Package for Social Science
WV Weight Value
VEI Vehicle Environmental Impact Index
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Abstract: The ultimate goal of urban water infrastructure asset management may be sustainable
water supply with satisfaction for customers. In this work, we attempted to evaluate the gaps
between the perspectives of customers and service providers in Korea’s water infrastructure asset
management. To evaluate the customers’ perspective, a hierarchical questionnaire survey was
conducted to estimate the weights of influence for six customer values and their attributes on Korean
water utility management. To evaluate the service providers’ perspective, an AHP (Analytic Hierarchy
Process) analysis was performed to estimate the weights of influence for the customer values and
their PIs (performance indicators). The gap analysis results show that customers place higher value
on customer service satisfaction (emotion and information) than do the service providers (managers),
whereas the managers place more value on affordability than do the customers. The findings from
this work imply that improving customer service is effective in satisfying the desirable water LOS
(level of service) for customers. Recommendations have also been provided for administrators and
engineers to develop integrated decision-making systems that can reflect customer needs regarding
the improvement of their water infrastructure asset management. The findings from this work may
be helpful for the Korean government and water supply utilities in improving the sustainability of
their water infrastructure asset management.

Keywords: water asset management; Gap analysis; LOS (level of service); PIs (performance
indicators); customer value

1. Introduction

Sustainability may be one of the key goals of water infrastructure asset management. To make
water infrastructure asset management sustainable, it is necessary not only to reduce maintenance costs
but also to improve user satisfaction. Asset management in the water sector is an emerging concept
that has been adapted from many successful applications in the management of other infrastructure
assets, such as the transportation sector and power plants [1]. Many studies regarding water and
wastewater asset management have focused on cost-effective and preventive management using
risk-based methods [2–4], cost-benefit methods [5,6], and GIS-based asset data integrations [7]. In the
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past, some research into the methodology of evaluating the levels of service (LOSs) from the customer’s
perspective has been performed [8–10].

According to the overall asset management process suggested by the New Zealand NAMS
(National Asset Management Steering) group, the starting point of strategic planning for asset
management is to determine the LOSs that are currently provided [11,12]. Defining the current LOS
provisions and setting performance targets play an important role in planning asset management [12].
Schulting and Alegre [1] defined the asset management process as follows: “in addition to the key
parameters ‘performance-risk-costs’ which represent the internal process of asset management in an
organization, there are external factors/drivers including customers and regulatory bodies which will
influence and set the boundaries for the overall balance between these parameters”.

This definition suggests that a comprehensive approach is required to evaluate and set appropriate
LOS provisions for water asset management. Understanding the needs of external stakeholders is
an area that has not been extensively studied. Customer satisfaction evaluations have been mainly
investigated in the marketing sector. However, in the water sector, current customer satisfaction
analyses have been limited to a few areas of water quality [13,14] and the cost of water service [15,16],
without a comprehensive assessment of its weights of influence in the context of other customer values.

Gap analysis is a useful tool that can help companies or utilities identify gaps between their
current status and future goals [17]. In water asset management, gap analysis has been used to identify
gaps among different water utilities and to set targets for managing water infrastructure through
benchmarking [18–20]. Although several previous studies have addressed the issues regarding gaps
between the perspectives of customers and service providers in other sectors (e.g., marketing, airports,
and banks) [21–23], no such analysis has been reported in the water asset management field.

In our previous study, Han et al. [24] developed a new method to quantitatively evaluate customer
needs in the Korean water and wastewater service utility sector (independent of the service provider’s
perspective) using six customer values: (1) sustainability, (2) affordability, (3) quality (functional
performance), (4) health and safety, (5) reliability and responsiveness, and (6) customer service. The
developed methodology for quantitatively assessing customer values allowed us to analyze the gaps
between the perspectives of water service customers and providers in Korean water and wastewater
infrastructure asset management. To compare the LOS evaluations from the customer’s perspective
to those from the provider’s perspective, it is necessary to select and develop PIs to measure the
provider’s values that are equivalent to the six customer’s values considered in the LOS evaluation
of the customer’s perspective [24] Although PIs [25–36] and methodologies [37–40] to measure water
infrastructure asset management from the provider’s perspective already exist, it is necessary to
further investigate which PIs are suitable for comparison with LOS evaluations from the customer’s
perspective. Based on a literature review, the research objectives of this work were (i) to select and
develop customer-based key performance indicators (KPIs) to evaluate water infrastructure asset
management in Korea and (ii) to compare the LOS evaluations between the perspectives of customers
and providers.

2. Research Approach and Methodology

The research methodology for comparing the LOS evaluations between the perspectives of
customers and service providers is briefly shown in Figure 1. A wellbeing approach [12] has been
adopted to analyze the LOS evaluations based on the aspects of environmental, economic, and social
wellbeing, which are matched with the six customer values suggested in our previous study [24].
Accessibility to an unrestricted water supply in the community is not included in the six customer
values according to our previous customer survey because the weight of influence of accessibility
had the lowest customer value. The customer value definitions are obtained from the New Zealand
asset management steering group [12]. The “environmental sustainability” value is defined as the
quantity and quality of water resources that should be provided for present and future generations.
The “affordability” value is defined as the water service level at the lowest possible cost. The “quality”
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value indicates the structural and functional stability and quality of the pipe system and water supply
pressure. The “health/safety” value is defined as the availability of drinking water and the perspective
on the risk to customer health and safety. The “reliability/responsiveness” value represents the
reliable and responsive provisions of water services without inconvenience or interruption. The
“customer service” value is defined as the availability of polite and transparent provisions regarding
water services. To evaluate the six values from a provider’s perspective, a triple bottom line (TBL)
approach [38,39] was used in this study.

Figure 1. A schematic of the methodology used to compare the LOS evaluations between the
perspectives of customers and providers (managers).

The LOS evaluations from the two perspectives were compared using the SERVPERF model [41].
Cronin and Taylor [41] proposed a performance-based methodology for measuring service quality
(SERVPERF). They noted that the SERVPERF model was developed to resolve the difficulty in
measuring the SERVQUAL scale based on the gap theory of Parasuraman et al. [21,42]. Compared
with the SERQUAL Equation (1), the weighted SERVPERF equation proposed by Cronin and Taylor
is expressed as Equation (2). They suggested that service quality is sufficient to measure only the
performance that is perceived as having a direct relation to customer satisfaction [41].

Service Quality = (Per f ormance − Expectations) (1)

Service Quality = Importance (Per f ormance) (2)

To evaluate the customer values from the customer’s perspective, the levels of customer value
attributes (LCVAs) were defined, and their weights of influence were measured using hierarchical
customer opinions based on surveys [24]. To evaluate the customer values from the service provider’s
perspective, KPIs were selected and developed as described below; their weights of influence were
measured using the Analytic Hierarchy Process (AHP) to represent the opinion of water service experts.
The weights of influence of the LCVAs and KPIs were compared to identify the gaps between the
perspectives of the customers and providers regarding water infrastructure asset management. The
methodology framework for the gap analysis conducted in this work is summarized in Figure 2.
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Figure 2. Scheme of the gap analysis between the perspectives of customers and managers on water
infrastructure asset management.

3. LOS Evaluation from the Customer’s Perspective

A new hierarchical survey method was developed in our previous study [24] to assess the response
of customers regarding the LOSs for water utilities in Korea. Because it is difficult for general customers
to understand the technical definitions of the customer values and their attributes and meanings in the
LOS evaluations, it was necessary to stratify the survey questionnaire using simple to more complex
questions. Questions regarding the LCVAs (levels of customer value attributes) were addressed first,
followed by questions regarding the LOCVs (levels of customer values) and the LOWs (levels of
wellbeing) (Figure 3). The answering system for the questionnaire was based on a seven-point Likert
scale, i.e., (1) “strongly disagree” (0 points), (2) “disagree” (16.7 points), (3) “disagree somewhat” (33.3
points), (4) “neutral” (50 points), (5) “agree somewhat” (66.7 points), (6) “agree” (83.3 points), and (7)
“strongly agree” (100 points). An electronic survey was conducted via the Internet for 800 tap water
customers from seven cities in Korea. When the customers were asked about water being “safe to
drink”, the concept of “safe to drink” included attributes regarding taste, color, and odor along with
attributes regarding toxic chemicals and microbial hazards.
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Figure 3. The hierarchical structure of the questionnaire used in the LOS evaluation from the customer’s
perspective [24].

The weights of influence between two adjacent levels were analyzed using multi-variant
regression [43]. A standardized coefficient for the multi-variant statistical analysis (β) was used
as the statistical indicator for the weight of influence. Based on the determined β values, the relative
weight CVs (customer values) and CVAs (customer value attributes) were calculated (Table 1). For the
LOCA, the relative weight of the ‘customer service’ factor was the highest (0.312) among the six CAs.
For the LCVA, the relative weights of “information on Internet” and “customer call center service”
(0.162 and 0.150, respectively) were higher than the other CVAs used in the analysis. Considering the
fact that the “information on Internet” and “customer call center service” CVA factors are categorized
into the “customer service” category for the LOCA, “customer service” was identified as the most
influential CV factor in the LOS evaluation from the customer’s perspective.
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Table 1. The weights of influence (β) and relative weights of CVs and CVAs determined from the
customer’s perspective.

Factors

LOW LOCV LCVA Relative Weights
of CVs (= A × B

∑ A × B )
Relative Weights of

CVAs (= A × B × C
∑ A × B × C )(A) (B) (C)

β

Level 1
Environmental 0.131
Economic 0.274
Social 0.596

Level 2-Environmental
Sustainability 0.131 1 0.131

Level 2-Economic
Affordability 0.274 0.189 0.052
Quality 0.810 0.222

Level 2-Social

0.596
Health/Safety 0.249 0.148
Reliability/Responsiveness 0.227 0.135
Customer service 0.524 0.312

Level 3-Sustainability
0.131 1Water quality of water reservoir 0.449 0.059

Protection of water reservoir area 0.551 0.072

Level 3-Affordability
Cost of water service 0.274 0.189 1 0.052

Level 3-Quality(Physical)
Water losses 0.274 0.810 0.143 0.032
Water pressure 0.326 0.072
Useful life of water mains 0.531 0.118

Level 3-Health/Safety
Safe to drink 0.596 0.249 0.754 0.112
Probability of pipe accidents 0.246 0.037

Level 3-Reliability/Responsiveness
Time to respond to planned service

interruption 0.596 0.227 0.297 0.040

Time to respond to unplanned
interruption 0.703 0.095

Level 3-Customer service
Information on internet 0.596 0.524 0.519 0.162
Customer call center service 0.481 0.150

4. LOS Evaluation from the Manager’s Perspective

The procedure for evaluating the water supply utility LOSs from the water utility manager’s
perspective is shown in Figure 4.

Figure 4. The evaluation process for the manager’s perspective.
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The AHP decomposes the decision problem into a hierarchy of sub-problems. The decision maker
then evaluates the relative importance of its various elements via pairwise comparisons. The AHP
converts those evaluations to numerical values (weights or priorities), which are used to calculate a
score for each alternative [44]. Importance scales for pairwise comparison are shown in Table 2.

Table 2. Intensity of importance for pairwise comparison [44].

Linguistic terms (the comparison of A to B) Score

Absolutely strong (AS) 9
Between AS and VS 8

Very strong (VS) 7
Between VS and FS 6
Fairly strong (FS) 5

Between FS and SS 4
Slightly strong (SS) 3
Between SS and E 2

Equal (E) 1
Between E and SW 1/2
Slightly weak (SW) 1/3

Between SW and FW 1/4
Fairly weak (FW) 1/5

Between FW and VW 1/6
Very weak (VW) 1/7

Between VW and AW 1/8
Absolutely weak (AW) 1/9

The hierarchy of the AHP analysis is presented in Figure 5. The advice from eight professional
experts in the Korean water sector and information from selectively used literature from the IWA PI
system and CARE-W rehab PIs were used in this study [26]. Level 1 is considered the strategic aspect
and is equivalent to the LOW in the LOS evaluation from the customer’s perspective. Levels 2 and 3
address tactical and operational aspects, respectively, and are equivalent to the LOCV and LCVA in the
water infrastructure LOS evaluation from the customer’s perspective. At the strategic level (Level 1),
the three TBL goals (i.e., planet, profit, and people) were selected as the major factors to be considered
in the LOS evaluation from the water service provider’s perspective. At the tactical level (Level 2), six
factors that are equivalent to the six CVs were chosen for comparison with the weight of influence
results from the analysis of the customer’s perspective. At the operational level (Level 3), the KPIs for
the planet (“environmental sustainability”) and profit (“affordability” and “quality [physical]”) goals
were selected among the previously established PIs from the IWA PI system and the CARE-W rehab
PIs [26]. Due to the unavailability of PI information, KPIs for the Level 1 objective for the customers’
goals (the Level 2 objectives of “health/safety”, “reliability/responsiveness”, and “customer service”)
were newly developed in this work based on expert opinions.
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Figure 5. Hierarchy for LOS evaluation from the service provider’s perspective and the KPIs for the
six CVs.

Table 3. An example of a five-grade system for evaluating the PIs. (The example is for advanced water
treatment for emergency management [PI-8]).

Grade Description

1
Ultra-advanced purification technology application (membrane filtration),
100% automated WTP, expanded facilities for source water management,

100% compliance rate for the water treatment plant safety inspection

2
Advanced purification technology application, more than 80% automated
WTP, 100% compliance rate for the water treatment plant safety inspection

3
More than 60% automated WTP, more than 80% compliance rate for the water

treatment plant safety inspection

4
More than 40% automated WTP, more than 60% compliance rate for the water

treatment plant safety inspection

5
Less than 40% automated WTP, less than 60% compliance rate for water

treatment plant safety inspection

The new PIs were intended to be evaluated through rating scales. A five-grade system was
developed to evaluate the new PIs based on the collected expert opinions. Advanced water treatment
with emergency response capacity (PI-8) includes factors such as advanced water purification capacity,
capacity for automatic facility operation, expanded capacity facilities for source water treatment, and
safety of the water treatment plant (Table 3). The capacity of the database management and monitoring
system (PI-9) refers to the use of a GIS-based management system, an adequate water distribution
block system, a flow monitoring system, and a water metering automation system. With regard to the
average handling time for water interruptions (PI-10), the results of the expert opinions indicated that
Grade 1 is within 2.5 h, Grade 2 is within 5.6 h, and Grades 3, 4, and 5 are within 10.8, 24, and 40.7
h, respectively. According to a previous study [24], 5 h per year (46.6% of respondents) and 6–10 h
per year (24.9% of respondents) were given as the accepted durations of water service disruptions
for handling various incidents, such as freezing or pipe damage. The following satisfaction factors
for providing information (PI-11) are considered: detailed water service information that contains
the asset management goals for water utilities, water quality monitoring data in the water pipe
network, the request process for all water service types, financial statements, statistics of water services,
announcements regarding planned rehabilitation, database management for frequent complaints,
provision of water charge calculation for each household, and bidding information. Customer service
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satisfaction (PI-12) includes items such as staff training for customer complaints (including complaint
database management), the provision of tap water quality testing, and automatic meter reading that
eschews visits to customers’ homes to inspect water usage.

To assess the weights of influence for the water LOSs from the manager’s perspective, a KPI-based
AHP analysis was conducted [44]. This survey included eight experts: one professor, three researchers,
and four public water utility managers. The collective working experience of the selected experts
included more than 15 years in the water sector. As shown in Table 4, all PI weights of influence were
derived using the AHP analysis results. Pairwise comparisons were used to evaluate the relative
weights of the six CVs and their corresponding PIs. At the tactical level, the relative weights of
the “affordability” and “quality” factors (0.317 and 0.204) were higher than those of the other CVs.
Unlike the customer’s perspective (Table 1), the “customer service” factor was considered the least
influential factor from the provider’s perspective. At the operational level PIs, the relative weight of
the “total water cost coverage ratio” factor (0.317) was the highest among the PIs tested in the AHP
analysis, whereas the customer service PIs (the “satisfaction with customer service on information”
and “satisfaction with customer service on emotion” factors) were considered the least influential PIs
from the provider’s perspective.

Table 4. The weights of influence (β) and relative weights of the CVs and PIs determined from the
AHP analysis of the service provider’s perspective.

Factor
Strategic
Level (A)

Tactical
Level (B)

Operational
Level (C)

Weights of CVs
(= A × B

∑ A × B )
Weights of PIs
(= A × B × C

∑ A × B × C )

Level 1
Planet 0.114
Profit 0.522
People 0.365

Level 2-Planet
Sustainability 0.114 1 0.114

Level 2-Profit
Affordability 0.522 0.608 0.317
Quality 0.392 0.204

Level 2-People

0.365
Health/Safety 0.453 0.165
Reliability/Responsiveness 0.348 0.127
Customer service 0.198 0.072

Level 3-Sustainability
0.114 1Water resource quality 0.438 0.050

Water resource quantity 0.562 0.064

Level 3-Affordability
Total cost coverage ratio 0.522 0.608 1 0.317

Level 3-Quality(Pipe)
Apparent losses 0.522 0.392 0.239 0.049
Pressure of supply adequacy 0.485 0.099
Pipe ratio of exceeded useful life 0.276 0.056

Level 3-Health/Safety
Water quality of supplied water from

Pipe 0.365 0.453 0.633 0.105

Water quality of supplied water from
treatment plant 0.367 0.061

Level 3-Reliability/Responsiveness
System 0.365 0.348 0.597 0.076
Manpower 0.403 0.051

Level 3-Customer service
Satisfaction with customer service on

information 0.365 0.198 0.503 0.036

Satisfaction with customer service on
emotion 0.497 0.036
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5. The Gap Analysis Results between the Perspectives of Customers and Managers

The relative weights of the six CVs were compared between the perspectives of customers and
managers (Figure 6). From the customer’s perspective, the “customer service” CV factor was identified
as the most influential. Moreover, from the provider’s perspective, the “affordability” CV factor
was found to be the most influential. Other CV factors (e.g., “sustainability”, “quality”, “health and
safety”, and “reliability and responsiveness”) were insignificantly different between the perspectives
of customers and managers. The results suggest the possible existence of significant gaps between
customers’ needs and managers’ provision, and “customer service” and “affordability of cost” were
identified as the customer values that had gaps between customers’ needs and water utility provision.

Figure 6. The gap analysis results between the perspectives of customers and managers on six CVs.

The gap analysis at Level 3 identified the CVAs and PIs with significant gaps between customers
and service providers (Figure 7). The customers may place the highest values on satisfaction of
customer service on emotion (relative influence weight = 0.150) and information (relative influence
weight = 0.162), whereas the customer service attributes are given the lowest priority by water utility
managers (corresponding relative weights = 0.036). Further, affordability was identified as the lowest
priority by customers (relative influence weight = 0.052) but as the highest priority by managers
(relative influence weight = 0.317). The results provide implications regarding what tactical and
operational actions may be needed to improve customer satisfaction.

To improve customer service, information provision and the emotional aspect of contact with
customers may have to be emphasized further in water utility management. Water service information
includes announcements regarding water asset management planning, water quality monitoring data,
and service. In other developed countries, such water service information is publicly available and
reachable [45]; however, information on (i) water asset management planning and its evaluation
outcomes and (ii) water quality monitoring data is often closed to the public or is unreachable in Korea.
This lower public availability and reachability may cause citizens in many Korean cities to feel that the
quality and price of tap water is not as good or reasonable as they expect them to be, even though the
water quality and water infrastructure assets are scientifically monitored and externally evaluated by
civilian experts with standards as high as those of other developed countries. There are some unique
differences in water utility management in Korea compared with other countries. Most municipalities
in Korea directly operate and manage water supply utilities, whereas water utilities are operated
and managed mainly by private companies in European countries [46]. In addition, the managers of
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Korean water utilities often have non-engineering education backgrounds, and change jobs frequently
in local government; these factors hinder the development of long-term credibility from citizens.

The findings from this work suggest that the difference in the perception of reasonably
cost-effective and safe water service between Korean customers (citizens) and water service providers
may have resulted from a lack of such information being provided to the customers. To address this
issue, announcements of asset management planning and subsequent evaluation summaries, posts
about water quality monitoring data on publicly available websites or social network systems (SNS),
and periodic customer surveys can be effective tools for communication with customers. In addition,
improving customer service is an effective way to increase customer satisfaction. Hunter Water in
Australia reported that their customer and commercial development teams succeeded in achieving 94%
customer satisfaction during the fiscal year 2009–2010 as a result of consistent commitment to customer
service excellence [47]. A sufficiently large service staff and customer call service professionals with
technical knowledge are required to address customers’ questions and problems regarding the quality
and price of water service. Customers’ opinions on customer service must be regularly surveyed
and evaluated, and the feedback should be reflected in improvements to customer service in terms of
information provision as well as emotional aspects.

Figure 7. The gap analysis results between the perspectives of customers and managers on the
water LOS.

6. Conclusions

Local administrators are interested in selecting the highest priority for a management area
through a risk-based approach or by allocating additional funds for sustainable water management.
However, in light of the results of this study, these actions may not represent the best approach for asset
management. This study identified the gaps between customer needs and service provisions. The gap
analysis results show that utility managers do not consider customer satisfaction, use information, and
service-related emotions. This reflects the current problem of water infrastructure asset management
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in Korea. At the same time, the gap analysis results suggest that customer service improvement is an
effective way to fill the gaps between the perspectives of customers and providers on water service.

To improve customer service, steps must be taken to increase the flow of information, particularly
regarding water quality monitoring data, and reinforcement of staff training and education are
recommended based on the results of gap analysis of the weights given to CVAs and PIs between
the perspectives of customers and managers. The findings from this work may be useful in assisting
local government administrators in making better decisions on water infrastructure asset management
by integrating the perspectives of service providers and customers, and in turn may be helpful in
improving the sustainability of water infrastructure asset management.
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Abstract: Discussing urban planning requires rethinking sustainability in cities and building healthy
environments. Historically, some aspects of advancing the urban way of life have not been considered
important in city planning. This is particularly the case where technological advances have led
to conflicting land use, as with the installation of power poles and building electrical substations
near residential areas. This research aims to discuss and rethink sustainability in cities, focusing on
the environmental impact of low-frequency noise and electromagnetic radiation on human health.
It presents data from a case study in an urban space in northern Portugal, and focuses on four guiding
questions: Can power poles and power lines cause noise? Do power poles and power lines cause
discomfort? Do power poles and power lines cause discomfort due to noise? Can power poles and
power lines affect human health? To answer these questions, we undertook research between 2014
and 2015 that was comprised of two approaches. The first approach consisted of evaluating the noise
of nine points divided into two groups “near the source” (e.g., up to 50 m from power poles) and
“away from the source” (e.g., more than 250 m away from the source). In the second approach, noise
levels were measured for 72 h in houses located up to 20 m from the source. The groups consist of
residents living within the distance range specified for each group. The measurement values were
compared with the proposed criteria for assessing low-frequency noise using the DEFRA Guidance
(University of Salford). In the first approach, the noise caused discomfort, regardless of the group.
In the second approach, the noise had fluctuating characteristics, which led us to conclude that the
noise caused discomfort.

Keywords: noise pollution; low-frequency noise; DEFRA; human well-being; sustainability;
power poles

1. Introduction

The current accelerated urbanization process in Europe has been accompanied by a number
of environmental and social problems arising from consumption patterns and lifestyle, such as
greenhouse gas emissions, waste and wastewater and environmental noise. These problems have
significant impacts on the environment, public health and people’s quality of life. Noise pollution is
a current public health problem associated with modern life and urbanization. This urban problem
continues to increase in extent, frequency and severity as a result of urbanization, population growth
and technological development.

Sustainability 2015, 7, 13920–13946; doi:10.3390/su71013920 www.mdpi.com/journal/sustainability289



Sustainability 2015, 7, 13920–13946

Although the concept of sustainability has been in existence and use for nearly 30 years, even
today it is still easier to define the concept than to apply it in practice.

Environmental noise can be regarded as one of the agents of deterioration in people’s quality
of life in an urban environment [1]. In Europe, noise achieves a significant level and is considered
an environmental problem of major proportions and great impact. Accordingly, the European Noise
Directive was established in 2002. The European Network on Noise and Health (ENNAH) is a Network
funded by the European Union that gathers expert groups on noise and health in Europe. The network
brings together some 33 European research centers located in 16 countries to support public policies
to cope with noise and health, specifically, traffic noise [2]. The World Health Organization (WHO)
estimates that Disability-Adjusted Life Years (DALYs) lost due to environmental noise are “6000 years
for ischemic heart disease, 45,000 years for cognitive impairment of children, 903,000 years for sleep
disturbance, 21,000 years for tinnitus and 587,000 years for annoyance” [3]. In addition, noise exposure
is increasing in Europe.

Scientific evidence has proved that noise affects human health. On the other hand, it can be
observed that large multinational organizations are increasingly concerned about this type of urban
pollution. On the other hand, attention given to this topic focuses particularly on sources such as
urban traffic, occupational exposure and wind turbines. Yet, little or no attention has been given to
low-frequency noise originating from power poles.

After considering the literature review, it can be stated that, in general, the effects of low-frequency
noise are not as well researched as other noise sources. Some authorities, such as the WHO, recognize
the importance of environmental noise [3]. Nevertheless, the assessments adopted for low-frequency
components and their effects on human health have received less focus than those of high frequencies in
the academic literature, even though low frequencies are considered more annoying for humans [4–8].
Moreover, the United Kingdom has been progressing towards tackling the issues surrounding
Low-Frequency Noise (LFN).

Noise and its impacts on health must be considered as quality of life indicators in sustainable
cities. Studies on low-frequency noise emitted by power poles and its influence on human health are
scarce, even if noise exposure has harmful effects and is a risk factor for human health. In Portugal,
studies concerning low-frequency noise have focused on sources such as traffic, wind turbines and
occupational exposure, specifically research carried out by the Center for Human Performance,
Alverca/Portugal, on vibroacoustic disease [9,10]. This research is motivated by the absence of studies
regarding low-frequency sources, such as power poles and their effects on human health. This leads
us to pose the following questions: (1) Do power poles and power lines cause noise? (2) Do power
poles and power lines cause discomfort? (3) Do power poles and power lines cause discomfort due to
noise? (4) Do power poles and power lines cause an impact on human health?

The main objective of this paper is to analyze the exposure of the population to low-frequency
noise from power poles in residential areas, especially in the village of Serzedelo (Municipality of
Guimarães, northwestern Portugal), and its impacts on human health.

To accomplish this objective, two groups were considered: the “near the source” (e.g., distance to
400 kV power poles less than 50 m) group and the “away from the source” (e.g., distance to 400 kV
power poles more than 250 m) group. In the second approach, a more in-depth analysis was carried
out. which consisted of taking measurements for 72 h. All the measurement values were compared
with the values of the criterion curve proposed by the Department of Environment, Food and Rural
Affairs [11] to evaluate whether the measured values cause annoying conditions.

This study followed the sequence of an exploratory one, using surveys undertaken in 2010 in the
village of Serzedelo using the same two groups: the “near the source” group (118 individuals were
interviewed) and the “away from the source” group (55 individuals were interviewed) [12]. Although
this study did not focus on the influence of low-frequency noise pollution, respondents only in the
“near the source” group stated that they experienced discomfort from the noise.
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This paper is organized as follows: Section 2 presents a literature review of low-frequency noise
and human well-being; the material and methods are discussed in Section 3; the results and analysis
are presented in Section 4; in Section 5, the evaluation of the perception of noise discomfort is presented.
Finally, Section 6 presents the discussion and conclusions are drawn in Section 7.

2. Low-Frequency Noise and Human Well-Being

After the 1970s, several studies began highlighting the discomfort caused by environmental
noise [3,8], especially traffic noise [1,13–15]. The most cited effects on human health refer to
emotional changes, namely agitation, distraction, disappointment, stress, hypertension [7,16–18]
and the association of low-frequency noise with cognitive impairments [19], the development of
cardiovascular diseases [20,21], disturbances in sleep and heart rate [22–24] and hypertension [25,26].

In the field of occupational medicine, several studies claim that low-frequency noise is an agent
that interferes with the performance of work tasks [25,27–29] and that low-frequency noise can affect
mental and physical health.

Exposure to noise has harmful effects and constitutes a risk factor for human health. Some authors
have treated these effects under the name as vibroacoustic disease [10], vibroacoustic pathology
or vibronoise pathology [30], i.e., systemic pathology encompassing the entire body, characterized
by abnormal proliferation of extracellular matrices caused by excessive and prolonged exposure to
low-frequency noise (LFN) [10,31].

In Portugal, the first study of low-frequency noise dates back to 1979. The study focused on
Portuguese Air Force health workers in the General Aeronautical Material Workshops (GAMW)
(Table 1) [9,10]. The study led to a definition of three clinical stages of vibroacoustic disease: Stage
I—Mild (1–4 years), characterized by slight mood swings, indigestion and heartburn, oropharyngeal
infections and bronchitis; Stage II—Moderate (4–10 years), characterized by chest pain, mood swings,
back pain, fatigue, skin infections, inflammation of the gastric surface, pain and blood during urination,
conjunctivitis and allergic processes; and Stage III—Severe (>10 years) characterized by psychiatric
disorders, hemorrhages of nasal, digestive and conjunctive mucosa, varicose veins and hemorrhoids,
duodenal ulcers, spastic colitis, decreased visual acuity, headaches, severe joint pain, intense muscular
pain and neurological disturbances [9].

Table 1. Low-frequency noise and its effects on human health from different sources.

Authors Object Year Main Results Sample

Donald Laird
(Psychological Laboratory,
Colgate University)

Physiological effects of
noise on typists 1928

Increase in energy
expenditure when
subjected to noisy
environments, when the
noise is smoothed on site
the average increase in
calorie spending is lower.

4 experienced
typists.

E. Dart (Ford
Occupational
Physician—Detroit, USA)

Description of symptoms
observed in aircraft
technicians.

1946

Report of pain in the
hands, swelling,
tenosynovitis and
increased vascular tone.

112 aircraft
technicians.

G. I. Rumancev

Description of the
symptoms of a group of
workers in a concrete
factory in the Soviet Union
exposed to noise.

1961

Report of pain in the
hands, swelling,
tenosynovitis and
increased vascular tone.

*

Alexander Cohen
(National Institute for
Occupational Safety and
Health, USA)

Description of clinical
complaints of boiler plant
workers before and after
the implementation of a
hearing protection
programme.

1976

Report of pain in the
hands, swelling,
tenosynovitis and
increased vascular tone.

400 boiler plant
workers.
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Table 1. Cont.

Authors Object Year Main Results Sample

Yiming Zhao et al.
(Research Center of
Clinical Epidemiology;
Research Center of
Occupational Medicine,
Beijing—China)

Description of the effects
of industrial noise on the
prevalence of hypertension
in a group of 1101 female
workers in a textile mill in
Beijing, in 1985.

1991

Report that noise is a
significant determinant of
the prevalence of
hypertension.

1101 female
workers.

N. V. Grechkovskaia and
I. A. Parpalei

Mention the vibronoise
pathology in workers of
the aircraft industry in
Kiev, Ukraine.

1997

Report of disturbances
such as psychovegetative
syndrome,
vegetative-vascular-trophic
syndrome, cerebral
anguidystonic syndrome
as initial disturbances of
vibronoise pathology.

103
assemblers-fitters

V. D. Balunov,
A. F. Barsukov,
V. G. Artamonova

Research involving the
evaluation of the health
condition of building
industry workers engaged
into ferro-concrete
production in Saint
Petersburg, Russia,
submitted to infrasound,
noise and general
vibration.

1998

The health status was
considered under the
combined action of
infrasound, noise and
vibration generally
presented greater
morbidity for this group.

62 molders

Nuno A. A. Castelo
Branco (Center of Human
Performance, Alverca,
Portugal)

Research report initiated in
1979 about the systemic
changes caused by the
continuous exposure to
noise in the General
Aeronautical Material
Workshops in Portugal.

1999

Prolonged exposure to
low-frequency sounds,
below 500 Hz, presented
clinical concern, especially
with the high incidence of
cases of sudden epilepsy
and fury. 20 years of
research have led to the
definition of a new disease:
vibroacoustic disease.

Data collected for
20 years

Kerstin Persson Waye
(Department of
Environmental Medicine,
Göteborg University,
Sweden)

Description the effect of
ventilation noise was
further examined along
with traffic noise, in two
laboratory studies.

2003

This study showed that
the exposure to
low-frequency noise,
especially at night, may
affect the cortisol response,
i.e., lower cortisol levels
after awakening were
associated with subjective
reports of mood and sleep
quality.

Ventilation noise
and comparison
with traffic noise:
12 male subjects
with an average
age of 24.5 years
Ventilation noise:
26 male subjects
with an average
age of 26 years.

Malgorzata
Pawlaczyk-Luszczynska
et al. (Department of
Physical Hazards, Nofer
Institute of Occupational
Medicine—Lodz, Poland)

Research to investigate the
annoyance of LFN at
workplaces in control
rooms and office-like
areas.

2010

There were no differences
in the annoyance
assessments between the
groups (young and old
volunteers—females and
males). Both groups
similarly assessed
annoyance from
low-frequency noise.

55 young
volunteers 70 older
volunteers

Ta-Yuan Chang et al.
(China Medical
University—Taiwan,
China)

A joint study about
occupational noise
exposure and incident
Hypertension in Men.

2013

High incidence of
hypertension in prolonged
exposure to noise levels
≥85 dBA.

578 male workers
in Taiwan
(1998–2008), all
subjects were
divided into
exposure groups
(high, intermediate
and low).

Source: Adaptation from [16]. * No information.
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Exposure to low-frequency noise (LFN) has significant impacts on human health. This impact
is absorbed by auditory sensation, which is a function of the perception that encompasses aspects
of physiological, pathological and sociological order. There are caveats in relating certain harmful
effects to a single source of noise, but human exposure to multiple sources of noise must be used as a
criterion [3,6].

The publications on low-frequency noise shown in Table 1 are case-control studies, using large
samples and developed by interdisciplinary researchers. In general, they focus on occupational
exposure. These studies concluded that the clinical picture is similar in what concerns noise exposure:
swelling tenosynovitis, hand pain and hypertension.

Despite all the research on the effects of low-frequency noise and its impact on human health
conducted for more than a century, there are still no references to LFN from the electromagnetic field
of power poles and power lines.

Electric, magnetic and electromagnetic fields are physical agents associated with the use of
electricity for the transmission and transport of energy (low frequency, 60 Hz). These fields interact
with living beings in general and the human body in particular, causing harmful effects by inducing
electric currents that exceed the skin shield, damaging sensitive cells and organs [3,32]. For this
research, we used the criterion for low-frequency noise levels below 200 Hz.

Some studies show that low-frequency noise differs from other environmental noises at
comparable levels. Much of the urban noise pollution we are exposed to in our daily environment
contains significant energy within this range. Low-frequency noise is very common as background
noise in urban environments. The effects of LFN are of particular concern because of their pervasiveness
due to numerous sources, efficient propagation and the reduced efficacy of many structures (e.g.,
walls, houses and hearing protection). For instance, low-frequency noise is a common cause of sleep
disturbances, psychological distress, cognitive impairment, increased social conflict, anxiety, emotional
instability and nervousness.

3. Experimental Section

In this section, we briefly describe environmental noise measurements and procedures, as well as
meteorological data collection.

3.1. Study Area

Guimarães is located in the Ave sub-region of the Braga district in northwestern Portugal.
According to the 2011 Census of the National Institute of Statistics, the municipality’s population
totaled 158,124 inhabitants. Guimarães has a population of 54,097 inhabitants distributed among 20
villages and the population density is 2224 inhabitants/km2 [33].

The Guimarães municipality is crossed by four lines of 400 kV and nine lines of 150 kV. The village
of Serzedelo, located southwest of Guimarães city, has a population of 3680 inhabitants, covers an area
of 5.14 km2 and has a high density of power poles and power lines in its territory. In addition to these
facts, there is an electrical substation in Serzedelo with a transformer capacity of 2 × 360 MVA—Riba
de Ave Substation [33] (Figure 1).
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Figure 1. Study area—village of Serzedelo.

The village of Serzedelo has power poles less than five meters away from houses, which does
not meet the recommendations of related legislation in force in Portugal (Figure 2). Ninety power
poles and 12 power lines cover an area of little more than five km2, which means 80% of the village is
exposed to high and very high voltage.

Figure 2. Power poles and power lines in the village of Serzedelo.

3.2. Assessment Framework

The methodology used was based on a procedure developed by the Department of Environment,
Food and Rural Affairs (DEFRA), Acoustics Research Center, University of Salford—Procedure for the
assessment of low-frequency noise complaints [12].
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The noise assessments were made using a class 1 sound level meter with a 1/3-octave filter, the
noise indicator recorded was Leq in a range of 10–160 Hz and for an average time of five minutes. The
noise levels of the field measurements were compared with the criteria curve (Figure 3). The L10 and
L90 were recorded in the same bands to achieve fluctuating characteristics. In the first approach, the
noise measurements were taken for 20 min periods, and in the second approach the measurement
time was 72 h periods. To evaluate whether an environmental sound could be responsible for the
disturbance, the level of recorded sounds was compared with the criterion curve (Figure 3).

Figure 3. Criterion curve to assess low-frequency noise (Adapted from [12]).

Regarding fluctuations, according to the DEFRA methodology, when the L10–L90 difference
exceeds 4 dB, the sound fluctuates and a penalty should be imposed. The DEFRA suggests that 5 dB
relaxation may be applied for steady sounds, rather than introducing a penalty for fluctuating sounds.
Furthermore, it states that a fluctuating sound with an average level of 5 dB below the threshold would
be audible, whereas a steady sound would not. Since the curve values at low frequency are set 5 dB
below the threshold, this is again consistent with allowing relaxation for steady sounds.

Using the DEFRA methodology [12], outdoor and indoor measurements were carried out in
houses and nearby places. Two approaches were adopted for this research. The first was held in
2014, and the second in 2015. Both assessments were made using a class 1 sound level meter with
a 1/3-octave filter. The first approach was completed between June and July 2014 and entailed
evaluating nine points, which were divided into two groups, considering their location due to the
source under study.

The measuring points were selected based on the methodology used by [11] concerning the
exposure to electromagnetic fields in Serzedelo. This included houses near the source (e.g., within
50 m), and houses away from the source (e.g., at a distance equal to or greater than 250 m).

Temperature and relative humidity were measured at an automatic meteorological station
located in Merelim, Braga, the nearest meteorological station with available data (about 7 km away).
In accordance with DEFRA, we used a sound level meter class 1, with third octave filters from 10 Hz
to 160 Hz, a tripod and a field calibrator. The height of the measurements was 1.2 m and was carried
out at a distance more than 4 m away from the nearest facade. The following factors were considered
to select the measurement points:

(a) Distance to 400 kV power poles of less than 250 m from the “near the source” group.
(b) Distance to 400 kV power poles of more than 250 m from the “away from the source” group.
(c) Avoidance of the influence of other noise sources such as road traffic;
(d) Preference for routes with low road traffic, away from highways and with an absence of

noise barriers.
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The noise measurements taken in the “near the source” group consisted of six points, outside
houses located less than 50 m from the source (Figure 4 and Table 2). Measurements were taken over
three days: 26 June, 3 July and 8 July 2014.

Table 2. Characteristics of measurement points in the “near the source” group.

Point Proximity to the Source Environmental Area

A
10 m away from a 400 kV
voltage power pole

Located near houses and extensive cultivation areas (urban
garden).

B
5 m away from a 400 kV
voltage power pole

Located on higher ground over houses. During the
measurement, the passage of a garbage truck on cobbled
ground near the measurement location was recorded. Noise
perceived: continuous noise from the power pole. Less intense
noise: birds, auto horn and cicada (insect).

C 5 m away from the source

Located near the houses and urban gardens with a high
density of 150 kV and 220 kV voltage power poles and power
lines. Sounds emitted during the measurement came from a
lawnmower, birds, hammering, dogs barking, roosters and
sawmill works.

D
3 m away from a high-voltage
400 kV power pole

Located near the houses and comprises an area of the 400 kV
power poles corridor. The measurement was carried out near
the inter-municipal highway. At this point, there were reports
of discomfort from noise on wet, rainy days. In this aspect,
residents reported using sleeping pills and experiencing
headaches and fatigue.

E 10 m away from the source
Located near the houses and extensive urban gardens. The
area had a concentrated, high density of high-voltage power
poles and a mobile phone antenna.

F
15 m away from the electrical
substation

Located near of the Riba de Ave Substation. The area is located
near houses and factories. The closest road, of granite cube,
did not record traffic during the measurement period. A
microphone shield was used in the sound level meter due to
high wind speed.

The “away from the source” group consisted of three measurement points. This group comprised
locations between 200 and 300 m away from the influence of power poles and power lines (Figure 4
and Table 3). Measurements were performed over three days: 26 June, 3 July and 8 July 2014.

The second approach comprised three measurement points inside three houses located near the
source and in a room where annoyance was detected by the house owner. In point L, the appliances
were switched off for 20 min. In points J and M, there were no appliances. The three measurements
were divided into three blocks, considering the monitoring dates (February and March 2015) (Figure 5
and Table 4). Point J was measured between 9–12 February, Point L between 11–14 March and Point M
between 14–17 March.
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Figure 4. First approach—village of Serzedelo.

Table 3. Characteristics of measurement points in the “away from the source” group.

Point Proximity to the Source Environmental Area

G
250 m away from the influence of
power poles and power lines

During the measurement, a group of people was talking
near the sound level meter and there were also two light
vehicles belonging to local inhabitants

H 250 m away from the source
During the measurement, recording sounds came from
light vehicles, a child crying and a group of people
talking next to the sound level meter.

I About 400 m away from the source
The measurement was carried out at the side of a granite
cube road near some houses. Something to note was the
presence of an unidentified background noise.

For the second approach, three analyses were taken and compared with the criterion curve:
(1) complete measurement, i.e., comprising the measurement for 72 h (three days); (2) measurement
per day, i.e., the values per day, where differentiated, for each frequency band in the criterion curve;
and finally (3) measurement between 02:00–04:00, which characterizes night time, according to the
DEFRA Guidance.

To complement this approach, an interview was conducted with the person of contact, who also
agreed that the measurements could be taken inside the houses. This interview was standardized and
had 30 questions following DEFRA guidelines. The questionnaire was structured in three sections.
The first one dealt with personal data (seven questions). The second section focused on health and the
quality of sleep (eleven questions) and, finally, the third section was concerned with the characteristics
of perceived noise (twelve questions).
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Figure 5. Location of the three measurement points in the second approach.

Table 4. Characteristics of measurement points in the second approach.

Point
Proximity to the

Source
Environmental Area

Presence of
Obstacles

Reports

J
5 m away from a
400 kV power pole

Located inside a house,
in a garage attached to
the residence, where
noise from the source
was detected.

House faced

Noise discomfort from
the power pole and some
health problems:
depression, headaches
and insomnia.

L
15 m away from a
400 kV power pole

Located inside the house
in a room closest to the
source, where the
interviewee felt the
presence of
low-frequency noise the
most. There was a
mobile phone antenna
nearby. The area was
located close to a
residential area near the
A7 highway.

House faced

Noise discomfort from
the power pole,
especially on humid and
rainy days. Health
problems included
fatigue, headaches and
insomnia.

M
10 m away from a
400 kV power pole

Located in an annex
close to the source,
where the interviewee
most felt the presence of
low-frequency noise.

House faced

Noise discomfort and
stress. In the village,
there were cases of
cardiovascular disease
and stomach cancer.
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4. Results and Analysis

4.1. The First Approach

The noise measurements taken in the “near the source” group consisted of six points (points
A to F). The “away from the source” group consisted of three measurement points (points G to I).
Measurements were performed over three days: 26 June, 3 July and 8 July 2014.

The criterion reference curve was exceeded in all measurement points (dB Leq—Reference),
especially between the 50 Hz and 160 Hz frequency bands. According to DEFRA Guidance, the
measured levels at these frequencies would be considered audible to most people who are exposed to
them. The D, E and F measurement points showed a higher deviation relative to the criterion reference
curve (Figure 6a). Particularly in measurement point F, a higher deviation from the reference value
was recorded, which can be explained by its location near the Riba de Ave Substation. No association
was found between weather conditions and the noise levels measured (Table 5).

Figure 6. First approach—(a) Measurement point A to F (“near the source” group); (b) Measurement
point G to I (“away from the source” group).

The criterion reference curve was exceeded in all measurement points (dB Leq—Reference),
especially in the G and H measurement points, which presented a higher deviation from the reference
value beginning at 25 Hz (for the first) and 40 Hz (for the second). In the I measurement point, the
deviation was very low—between 50 Hz and 160 Hz (Figure 6b). We could not establish a relationship
between weather conditions and the measured noise levels (Table 5).
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Both groups exceeded the values in the criterion curve (dB Leq—Reference). There are two
possible explanations for these results: (1) The low-frequency noise detected in the “away from the
source” group could result from other sources; (2) The need to redefine the limits of the “near the
source” and “away from the source” groups, i.e., what is being regarded as “away from the source”
could be classified as “near the source”. Given the specific characteristics of low-frequency noise,
especially its high capacity for propagation and low absorption by materials and the environment,
redefining the limits of the groups could be accounted for.

Table 5. Weather Conditions, Average [34].

Air
Temperature

(◦C)

Rainfall
(mm)

Wind Speeds
(km/h)

Relative
Humidity (%)

Measurement
Points

26 June 2014

Mean Values

17 0.0 1.5 77.5 Point A and F
3 July 2014 22.9 0.0 3.5 52.5 Point B, C and H
8 July 2014 28 0.0 13 37 Point D, E, F and G

4.2. The Second Approach

The second approach comprised three measurement points inside three houses (points J–M). For
the second approach, three analyses were taken and compared with the criterion curve: (1) complete
measurement for 72 h (three days); (2) measurement per day; and finally (3) measurement between
02:00–04:00, which characterizes night time, according to the DEFRA Guidance.

In both analyses of point J, “complete measurement” and “measurement per day”, the reference
values of the criterion curve were exceeded at the 50 Hz frequency band (Figure 7a,b). Given the lack
of home appliances nearby, the high values on the 50 Hz frequency band recorded in the daytime
analysis are due to other sources. In the night-time measurement analysis, the values in the criterion
curve were not exceeded (Figure 7c).

Figure 7. Cont.
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Figure 7. Point J (a) Complete Measurement (b) Measurement per day and (c) Measurement at night.

The noise measured over three days showed fluctuating characteristics (Table 6). The evaluation
of the fluctuating characteristics of noise was carried out by determining L10–L90 for periods of 15 min,
for 72 h and for the 50 Hz frequency band (exceeded bandwidth). The L10–L90 values are greater than
4 dB over 33.90% of the time (Figure 8 and Table 6). During the night period (2:00 to 4:00), for the three
days, this value was exceeded for most of this period. In another hand, it was not possible to establish
a correlation between weather conditions and the measured noise levels (Figure 9).

Table 6. Point J—Fluctuating Characteristics, percentage of time that L10–L90 ≥ 4 dB.

Frequency (Hz) 10 12.5 16 20 25 31.5 40 50 63 80 100 125 160

L10–L90 ≥ 4 14 41.5 21.1 27.7 27 42.9 38.1 33.9 31.5 32.9 29.8 38.4 34.9
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Figure 8. Point J—L10–L90—1/3 Oct 50 Hz.

Figure 9. Point J—Weather Conditions [34] (a) Relative Humidity and (b) Air Temperature.

302



Sustainability 2015, 7, 13920–13946

At point L, the equipment was installed inside the kitchen of the residence, where the interviewee
claimed she could hear the noise. Due to the influence of the equipment, an analysis was made for 20
min using shutdown equipment.

Figure 10. Point L (a) Complete Measurement (b) Measurement per day and (c) Measurement at night.

According to [11], this is the frequency band in which refrigerators operate, which could account
for the reference values being exceeded in the 50 Hz frequency band (Figure 11). This deduction can
be confirmed with the results obtained after shutdown equipment (Figure 12), where the criterion
curve was exceeded in this band (50 Hz). It was not possible to establish a correlation between the air
temperature, relative humidity and the measured noise levels (Figure 13).
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The fluctuating L10–L90 noise characteristics were determined for periods of 15 min for three
days of measurement. The noise during the complete measurement showed fluctuating characteristics
during 39.1% of the time for band 50 Hz (Table 7). However, during the night-time measurement (2:00
a.m. to 4:00 a.m.), this value was exceeded for most of this period over the three days (Figure 11).

Figure 11. Point L—L10–L90—1/3 Oct 50 Hz.

Figure 12. Point L—Shutdown (20 min).

Figure 13. Cont.

304



Sustainability 2015, 7, 13920–13946

Figure 13. Point L—Weather Conditions [34] (a) Relative Humidity and (b) Air Temperature.

Table 7. Point L—Fluctuating Characteristics, percentage of time that L10–L90 ≥ 4 dB.

Frequency (Hz) 10 12.5 16 20 25 31.5 40 50 63 80 100 125 160

Complete
Measurement
L10–L90 ≥ 4

22.8 28.0 33.6 25.6 23.4 33.2 33.6 39.1 32.9 42.6 31.8 28.0 22.5

Shutdown (20 min)
L10–L90 ≥ 4 25.0 50.0 25.0 0.0 25.0 0.0 0.0 25.0 25.0 50.0 50.0 25.0 25.0

At point M, the sound level meter was installed in the outer area of the residence, inside an
annex away from electrical appliance interference. In all time scales, the criterion curve was exceeded
between the 50 Hz and 160 Hz frequency bands. The measurement shows the highest exceeding values
in the second approach, particularly in the 80 Hz frequency band (Figure 14).

We highlight the high noise levels, which exceeded 40 Hz, and records of almost 50% of the time
for 50 Hz, 63 Hz and 80 Hz bands (Table 8). Due to the high overdrive bands, an attempt was made
to correlate the noise levels measured with the weather conditions. However, this was not possible
(Figure 15).

Figure 14. Cont.
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Figure 14. Point M (a) Complete Measurement (b) Measurement per day and (c) Measurement at night.

Figure 15. Cont.
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Figure 15. Point M (a,b) Weather conditions [34]; (c) Relative humidity vs. Leq (50–160 Hz) and (d) Air
temperature vs. Leq (50–160 Hz).

Table 8. Point M—Fluctuating characteristics, percentage of time that L10–L90 ≥ 4 dB.

Frequency (Hz) 10 12.5 16 20 25 31.5 40 50 63 80 100 125 160

L10–L90 ≥ 4 15.3 27.1 41.7 41.3 43.4 48.6 55.6 40.3 43.8 45.8 33.7 37.2 38.5

For the evaluation of the fluctuating characteristics of the noise, the L10–L90 difference was
determined for periods of 15 min for the three days of measurement (Table 8) and exceeded the
frequency bands, i.e., the 50–160 Hz range (Figure 16). The exceeded frequency bands presented
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fluctuating characteristics for 55.6%, 40.3%, 43.8%, 45.8%, 33.7%, 37.2% and 38.5% of the measurement
time, respectively, for the frequency bands of 40 Hz, 50 Hz, 63 Hz, 80 Hz, 100 Hz, 125 Hz and 160 Hz.

Figure 16. Cont.
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Figure 16. (a) Point M—L10–L90—1/3 Oct 40 Hz; (b) 1/3 Oct 50 Hz; (c) 1/3 Oct 63 Hz; (d) 1/3 Oct 80
Hz; (e) 1/3 Oct 100 Hz; (f) 1/3 Oct 125 Hz and (g) 1/3 Oct 160 Hz.

5. Evaluation of the Perception of Noise Discomfort

5.1. The First Approach

The residents of Serzedelo village have expressed their dissatisfaction with power lines in the
area through their own initiative, the National Civic Movement Against High-Voltage Power Lines.
In 2007, the village’s inhabitants filed a petition against the National Energy Company to bury the
aerial power lines crossing the village, but to date, nothing has been done. Subsequently, in 2010, a
team from the University of Minho (Portugal), supported by the local population and the leader of this
movement, conducted an exploratory study in Serzedelo.

The study used two groups: a “near the source” group (118 individuals were interviewed) and
an “away from the source” group (55 individuals were interviewed). The most frequent diseases
identified were cardiovascular diseases (35.6% in the “near the source” and 42.6% in the other group),
and depression (22.9% in the “near group” and 20.4% in the other group). However, there were no
significant differences between the two groups [11]. Additionally, self-awareness of general health was
not perceived differently by the two groups. Perhaps these kinds of diseases could be related more
to the influence of noise than to exposure to electromagnetic fields (power poles and power lines),
which was the main focus of the study. Even if at that time the study did not focus on the influence
of low-frequency noise pollution, it was concluded that only the “near source” group spontaneously
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mentioned that the noise was always present in their daily lives (in fact 9.3%), while there was no
mention of the noise by residents of the group “away from the source”.

5.2. The Second Approach

According to the DEFRA Guidance [12], persons living near the measurement points that
mentioned discomfort due to noise should be interviewed to provide other background information to
complement the analysis. For this reason, we interviewed three people that were engaged with the
three points of measurement of the second approach. Two men and a woman were interviewed, aged
between 40 to 70 years old, who had lived in Serzedelo village between 4 and 40 years. Two had a
university degree, while the older person had been a postman for 25 years.

For all of them, the noise is continuous in periods of rain, with fog and wet weather. The following
narratives express this perception.

In the evening, I hear a sound and during the day something that seems like sparks (Point
L, female, 55 years old).

I hear a continuous hissing sound (Point J, male, 69 years old).

For all the respondents, noise has been heard continuously and coincides with the time of
experience of living in Serzedelo, expressed in the following two narratives.

I have heard the noise since 1985, when this 400 kV power pole was installed (Point J, male,
69 years old).

I have heard the noise for several years or more since living in this house (Point M, male,
45 years old).

All the respondents reported that other people who lived with them or nearby hear noise, as did
their wives, children, visitors and neighbors. The power poles are seen as the source of the noise by all
the respondents.

The noise comes from electric poles placed to the north and south of the house (Point L,
female, 55 years old).

The noise can be heard by respondents inside the house, in the living room, the bedroom and the
kitchen. They mentioned that they have adopted strategies to alleviate the noise, such as “sleeping in a
different room from the usual”, “sleeping in a different position or changing the bed position”, “using
earplugs” or “going on vacation”. The discomfort caused by noise varies between the perceptions
from “very uncomfortable” to a “little bother”.

6. Discussion

Although there is a study focused on the risk of death in Guimarães [35], using 1997 and 2005 data,
which was a response from the regional and local health authorities to the demands of the population
of Serzedelo village and to the National Civic Movement Against High-Voltage Power Line demands
this was not, in fact, a good solution to the problem. The study did not show significant differences
in the risk of death and major causes of death in the population living in Serzedelo village, when
compared to the north of the country and with Portugal as a whole. This happened because of the
type of approach adopted. Mortality indicators are not sufficient to express the relationship between
the low frequency noise, the electromagnetic fields and the different types of cancer as the diseases
related to this type of exposure are currently those that involve a lower risk of death. Taking this into
account, an approach is needed to address the mortality data which can be obtained by the general
official statistics. This inference contradicts the solution that was given by the health authorities, as
well as the need to conduct more comprehensive studies.
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Compared with the reference values of the DEFRA Guidance [12], noise from power poles exceeds
the criterion curve. However, more measurements should be carried out in order to consider other
factors that may influence the measured values. A survey investigating noise discomfort experienced
by an exposed population, as well as knowledge of the population’s health status, and access to
morbidity data could complement this analysis.

The concern with the characterization of the surrounding environment is one of the missing
aspects in DEFRA methodology. The low-frequency noise levels can vary considerably within a room
depending on the measurement location and this can occur when the room dimensions are similar to
the wavelength of the sound at these frequencies. The weather seems to be another important aspect
that could influence the noise propagation, therefore future research should include measurements
both in dry and wet periods. A methodology by season may reveal other noise levels and different
perceptions by the population about their discomfort.

7. Conclusions

At the moment we cannot fully answer the fourth question: “Can power poles and power lines
affect human health?” This is a complex issue and requires further study. In particular, the issue needs
to be developed closely by conducting population surveys. In Portugal, as there are no morbidity data
on a village scale for the spectrum of diseases related to this type of problem, the only option is to
interview the population. This will follow the same “near the source” and “away from the source”
methodology and be based on other variables such as type and duration of exposure to the source,
age, self-reported health status and presence of diseases that may influence, among others, depressive
disorders and insomnia.

It can be concluded that there is a need to redefine the location range of “away from the source”
and “near the source” groups. It makes more sense to opt for people who live far from the source
than those who live closer, as they are likely to be less subjected to influences from other sources (e.g.,
homes with no crossing of highways, people with a fairly healthy diet and a no-stress lifestyle) and
residences in rural areas.

No association was found between weather conditions and the noise levels measured. However,
we believe that the relationship between low frequency noise levels and weather conditions such
as relative humidity, rainfall and wind direction exists, and should be studied to complement this
analysis. All environmental characteristics should be taken into account (type of terrain, proximity
to other sources of noise, existence of obstacles and factors that facilitate the propagation of noise),
especially due to the peculiar characteristics of high propagation of low-frequency noise and its low
absorption by materials and the environment.

The limitations of research of this nature focus mainly on assigning disturbing effects on human
health to a single factor. Health status is a complex factor that involves multiple aspects, such as
lifestyle, as well as genetic and environmental factors. A single indicator may not put into perspective
the magnitude of the health problems. Future research along these lines should consider these issues.

Additionally, case-control type studies seem to be the most appropriate for continuing this type of
research. It is essential to keep track of the daily lives of the interviewees and monitor their lifestyles
(e.g., diet and sleep quality), aspects related to labor dynamics (e.g., the history of activities performed,
type of activity currently carried out), genetic predisposition (e.g., history of disease cases in the closest
family circle), characterization of the house structure (e.g., position of the bedroom in the residence
and amount of electronic equipment). This last item should be thoroughly analyzed. In addition to
their bedrooms, where the interviewees spend much of the night, the rooms where they spend most of
their time during the day and evening should also be studied in-depth.

This research is part of a more structured investigation that was started in 2009 at the University
of Minho, which focused on the influence of low-frequency noise and electromagnetic fields on
human health.
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Abstract: A City Biodiversity Index (CBI) has been proposed and applied at the international level to
enable local municipalities and cities to manage biodiversity and ecosystem services in a sustainable
manner. CBI databases are being constructed as global platforms, though the available dataset is
limited. The land-use dataset is one of the datasets that can be utilized to apply the CBI on the
national level in countries including Japan. To demonstrate the importance and potential of the CBI
under the limitation of the available dataset, we attempted to apply the CBI to the 791 Japanese cities
by using available land-use indicators, and categorized the cities based on the indicators. The focus of
the CBI is self-assessment, but we propose that grouping of cities with similar profiles is possible and
can serve as a basis for potential collaboration. Coordinating policies on various scales is necessary in
order to enhance biodiversity on a global scale; one option is to increase collaboration among cities.
As a result, we found three groups with similar characteristics amongst cities with forests, paddies,
and croplands as major compositions in terms of biodiversity. These findings will contribute to policy
formation and efficient information sharing for ecosystem services management.

Keywords: City Biodiversity Index; Satoyama Index; land use mixture; land cover; GIS

1. Introduction: Biodiversity and Sustainability

Since 2008, more than half of the world’s population has been living in urban areas [1]. Urban
population is estimated to continuously increase to 66% of the world population by 2050 [2]. Until the
end of the 20th century, urbanization had not gained global attention for its impact on the conservation
of natural resources and environment [3–5]. However, since human activities in urban areas influence
the global environment by affecting the circulation of substances between urban and non-urban
areas [3,6,7], urbanization is a critical issue with regard to environmental sustainability.

At present, reduction of biodiversity is considered one of the most urgent global environmental
issues [8]; changes in biodiversity and ecosystem services associated with urbanization is also an
important issue [9]. Biodiversity is the basis for ecosystem services and supports human activities in
various aspects, including provisioning of resources [10–12]. Ecosystem services for urban populations
are frequently obtained from outside city boundaries. These services include the regulation of climate,
water, or soil. The primarily benefits are through the trade of resources [3,13–15]. The rapid increase in
urban population might mean that more resources need to be obtained from remote areas, leading
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to changes in the landscape in those remote areas [16]. By this process, urbanization brings about
reduction of biodiversity on a global scale.

On the other hand, the Cities and Biodiversity Outlook [9] highlighted that cities could also
contribute to the enhancement of biodiversity. Cities include built-up areas, including residential
blocks and paved roads, which are frequently developed among agriculture lands, forests, and other
natural lands. These developments lead to the formation of complex landscapes involving mosaic of
different categories of land use; in areas with such landscapes, biodiversity is relatively high [17–19].
Moreover, in areas surrounding cities, some areas are protected for ecosystem development. Therefore,
cities and their surrounding areas can contribute to the enhancement and restoration of biodiversity.
However, since recent rapid urbanization leads to landscape changes in areas that have a high
potential of biodiversity [10,20–22], adequate managements of urbanization is necessary to preserve
city biodiversity.

Global environmental communities such as the Convention on Biological Diversity (CBD) have
been increasingly recognizing the loss of biodiversity caused by urbanization as an urgent issue in
recent years, particularly since 2008, when the ninth meeting of Conference of the Parties (COP9)
officially adopted this issue (Decision XI/28). Therefore, conservation and enhancement of biodiversity
and ecosystems in cities are attracting increased attention [5,9,11,23] since they provide environmental
as well as socio-economic benefits that can enhance the amenities and the quality of life for urban
residents [17]. The ecosystems in a city influence the health and safety of urban populations [24], and
can contribute to enhancing resilience against climate changes, natural disasters, or other security
issues. In terms of city sustainability, environment, economy, and society need to be considered as the
baselines [25]. In this respect, enhancement of city biodiversity is a significant task for urban societies
from the viewpoint of sustainability.

Implementation of strategies for enhancement of city biodiversity requires the coordination of
local governments [11,26], and the global agenda needs to be connected to local issues [27]. Therefore,
accurately monitoring city biodiversity and ecosystem services is necessary [5,28]. For such monitoring,
indicators to evaluate city biodiversity and ecosystem services have been developed, such as the city
biodiversity index (CBI).

Further, coordinating policies at various scales is necessary in order to enhance biodiversity at a
global scale. One such option is increasing collaboration among cities. For example, cities are required
to collaborate, share experiences, and establish a network [5]. However, each individual city needs
to maintain its own cultural, social, and environmental conditions; this might hinder the formation
of such collaborations [29]. The measures and policies used in one city might not be applicable to
the others because of the differences in their environmental conditions. Therefore, understanding
the unique or similar characteristics of biodiversity and ecosystem services among cities is necessary;
this requires comparison of their environmental conditions by using CBI to allow effective exchange
of knowledge and policies among cities. However, few studies have compared the global urban
biodiversity and ecosystem services by using identical indicators for quantitative measurements.

In this study, we used CBI to quantitatively categorize 791 cities in Japan and identified the
common and heterogeneous characters to demonstrate the potential of the CBI by using available
land-use indicators. Thus, we identified the groups of Japanese cities based on the land-use indicators.
The cities in the same groups can become potential collaborators to share the experiences and
knowledge of ecosystem services management, and the collaboration can contribute to the coordination
of policies on different spatial scales.

Herein, we provide information regarding CBI and describe the methodologies used, including
the datasets and quantifying indicators obtained using the CBI. We then characterized each identified
category of cities. We also identified the challenges for urban biodiversity and ecosystem services and
possible urban collaboration required for ensuring sustainability.
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2. City Biodiversity Index

2.1. Evaluation of City Biodiversity

We reviewed existing literature on the methods used for evaluating biodiversity and ecosystem
services for their adequate management.

The importance of biodiversity has been indicated globally; however, loss of biodiversity remains
an important issue [30]. Thus, the role of cities in maintaining biodiversity has been emphasized [9].
Some databases allow the evaluation of the impact of human activities on biodiversity and ecosystem
services at the macro-regional scale [31]. However, the database for city biodiversity is not yet available.
For each regional scale, appropriate indicators (or adjustments) need to be designed urgently [26,29].
Definitions and baseline data, particularly for those related to ecosystem services, are missing for
many municipalities.

The research related to the evaluation methods for city biodiversity can contribute to developing
global data platforms [32]. The biodiversity in urban areas has been evaluated in order to enhance the
quality of life [24]. Ecosystem services, excluding cultural services, are likely not active in urban areas
that have a dominant built-up area. However, Larondelle and Haase [33] indicated that services related
to the regulation of climate and air quality are implemented in cities. The target cities of their research
included Berlin, Helsinki, Salzburg, and Stockholm. Regulating services active in urban forests include
reduction of air pollution [34]. Regulation services at forested urban parks might contribute to the
enhancement of ecosystem services [35]. Manes et al. [36] suggested that tree diversity significantly
affected the stability of regulating services, including tropospheric ozone removal, and indicated that
analyzing the functions of tree diversity for evaluation for ecosystem services in cities is necessary.

The impacts of urban activities on biodiversity have been investigated in Asian cities [37].
Gómez-Baggethun and Barton [17] indicated the type of ecosystem services that need to be managed
during urban planning to enhance the quality of life and resilience. They provided a list of indicators
for not only cultural services but also other types of ecosystem services.

Collecting and integrating the existing research results and methods for sharing information and
knowledge across cities globally are necessary. Such integration can contribute to efficient and effective
management of city biodiversity and ecosystem services. City sustainable index [38] is another major
environmental indicator. However, this index does not provide direct evaluation of biodiversity [26].
Therefore, CBI is proposed as an adequate global platform [39].

2.2. Three Key Aspects of City Biodiversity Index

The CBI has three key aspects: (1) native biodiversity, (2) ecosystem service, and (3) governance
and management. In all, 23 indicators have been proposed for sustainable management of city
biodiversity. These three aspects are necessary to understand biodiversity in urban areas and to
ensure its adequate management and conservation. First, the different types of biodiversity existing
in urban areas need to be identified (native biodiversity), their importance in terms of ecosystem
services needs to be evaluated (ecosystem service), and then methods for monitoring the present
biodiversity situation and policies for its management need to be developed (governance and
management). Indicators related to area of natural areas and number of native species (vascular
plants, birds, and butterflies) are included in the native biodiversity indicators. Carbon storage and
the cooling effect of vegetation, and area of parks with natural areas are ecosystem service indicators.
The amount spent on biodiversity-related administration, and the status of local biodiversity strategy
and action plan are indicators of governance and management. CBI consists of indicators that are
organized by the collaboration of different departments in local municipalities to facilitate their
communication. In addition, continued monitoring activities by CBI can motivate stakeholders to
ensure the conservation of ecosystems. The indicators of CBI can be linked to targets for urban
sustainability, and they can play important roles in monitoring and evaluating the strategies used by
cities [26].
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CBI databases are being constructed as global platforms, although they involve technical and
administrative issues [26]. Technical issues include (1) collection of data for indicators, (2) establishment
of spatial territories and definitions of indicators, and (3) elucidation of the different ecological
background of each city. For the first issue, methods need to be developed to easily collect data
by using remote sensing technology and to establish globally shared indicators. Identifying species
associated with biodiversity and investigating the relationships between species and ecosystem services
are essential. The species indicators are included in the CBI; however, the data of those indicators are
not available in the most of the cities, excluding the major cities that have local biodiversity strategies.
In the application of the CBI on the national level in Japan, the land-use indicators are limited available
indicators. For the second and third issues, considering the spatial- and time-scale dependence of
indicators and organizing relevant indicators for each scale are needed. Further, the administrative
issues need to be addressed. Governments in cities need to collect and organize relevant data for
calculating CBI indicators and facilitate policies and actions for ensuring urban sustainability by linking
the indicators to targets. However, capacity shortage of city governments is the main administrative
issue. These issues will be discussed in detail in Section 4.

CBI does not intend to compare cities, but attempts to evaluate them individually. Nonetheless,
obtaining comparable qualitative data for the indicators of native biodiversity or ecosystem services is
possible. For example, the proportion of natural areas, one of the indicators of native biodiversity, can
be obtained based on remotely sensed data and can be compared globally. In addition, biodiversity and
ecosystem services are strongly related to the proportion of each land use category, including natural
areas and their distribution patterns in urban areas. Kadoya and Washitani [40] suggested a correlation
among land-use mosaic patterns and biodiversity. Thus, the characteristics of land use in urban areas
can be considered the basic information for conserving biodiversity and ecosystem services.

In this study, we attempted to comprehensively identify the characteristics of land use in municipal
areas of Japanese cities, based on the proportion of natural areas and other land use categories;
further, we determined the degree of land-use mixture. Next, we categorized the cities by using the
land-use indicators and identified several types of cities having similar characteristics. Kadoya and
Washitani [40] proposed an index that correlates with biodiversity; this index identified the degree
of land-use mixture calculated based on the number of land-use categories and proportion of each
existing category in a target area. We used this index to evaluate the land-use mixture. This index is
mainly used in non-urban areas, but we will extend the application to urban contexts in this study.

3. Categorization of Cities According to Land-Use Indicators

We performed principal component analysis (PCA) of land-use indicators (Table 1) to determine
the variables for categorization. The proportion of natural areas, including forests, shrubs, and
grasslands, is one of the native biodiversity indicators in CBI. The other native biodiversity indicators
are “changes in the number of native species (vascular plants, birds, and butterflies)”, “proportion of
protected areas”, “proportion of invasive alien species”, “connectivity measures or ecological networks
to counter fragmentation”, and “native biodiversity in built-up areas” [39]. The land-use mixture is
related to biodiversity in urban regions [40]. We considered other land-use indicators (see Table 1)
in addition to those related to CBI, to identify the basis of collaboration among cities with similar
ecosystem characteristics. We analyzed 791 cities in Japan to provide a platform for collaboration
among cities by categorizing them according to the land-use indicators related to biodiversity potentials.
The species indicators are included in the CBI; however, the data of these indicators are not available
in the most of the cities. To demonstrate the importance and potential of the CBI, we attempted to
apply CBI to the cities by using available land-use indicators. Further consideration is given for the
use of CBI as the platform for the collaboration. We used data for the Japanese cities; these cities have
an administrative level called “Shi” [41]. Next, we categorized the cities based on cluster analysis by
using the results of the PCA.
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Table 1. Indicators for categorization of cities.

Indicator Unit

Average of degree of land use mixture -
Proportion of forest areas %

Proportion of natural areas with vegetation excluding forest %
Proportion of paddy fields %

Proportion of cropland and other vegetation mosaic %
Proportion of built-up areas %

3.1. Data

The global land cover data can be used as land-use distribution data. The high-resolution
global land cover data have been developed using recent innovative information technology, and
are available freely. We used the data from GLCNMO [42], since these data have relatively high
resolution—-15 arc-second; further, these data have been developed based on the collaboration among
institutes across several countries. In all, 20 land cover categories are included in these data. Of these,
five categories each are for different kinds of forests and natural areas with vegetation excluding
forests. Agricultural land covers three categories that include paddy field, cropland, and agricultural
land with other vegetation mosaic. The overall classification accuracy of GLCNMO is 77.9% by
904 validation points in the world. For the PCA, we used six indicators that are shown in Table 1.
These indicators were calculated for each city by using GLCNMO. In this preliminary study, we used
a forest category that included different types of forest. We intend to consider the different types of
forests, such as broadleaved deciduous species, broadleaved evergreen species, and conifers in the
future to understand the detailed differences among cities characterized by forests. To identify more
detailed categories of cities in the further research, we will need to consider shrubs and grasslands
separately in the land-use category—natural areas with vegetation excluding forests.

The indicator for land-use mixture was calculated by using the method described by Kadoya and
Washitani [40]. Their index is calculated based on the number of land-use categories and proportion
of each existing category in a target area. It is calculated by each 6 km square grid. Kadoya and
Washitani proposed the grid resolution based on the spatial scale of habitats of the plants and animals.
To evaluate the land-use mixture in each city administrative boundaries, we considered the land-cover
categories except built-up area as categories that enhance the degree of land-use mixture.

3.2. Results of Principal Component Analysis

We performed PCA on the six indicators. We identified two principal components (Table 2) with
a cumulative contribution ratio of 76.7%. The ratio shows that these two principal components can
sufficiently explain the differences in cities.

The first component has a strong positive correlation with the degree of land-use mixture, and a
negative correlation with its proportion of built-up areas. The second component has relatively strong
positive correlation with the proportion of forests and negative correlation with the proportion of
paddy and cropland.

The results of the PCA showed that the degree of land-use mixture is one of the important
indicators for understanding the characteristics of cities. In addition, the proportions of land-use
categories are not alternatives for land-use mixtures, because the former show quantitative
characteristics and the latter reflect the qualitative ones.
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Table 2. The two principal components.

Eigenvalue and Contribution PC1 PC2

Eigenvalue 2.6713 1.9294
Contribution 0.4452 0.3216

Cumulative contribution 0.4452 0.7668

Eigenvector

Landuse mixture 0.5754 −0.1201
Forest 0.3624 0.56

Shrub and Grassland 0.4207 −0.2874
Paddy field −0.1219 −0.5169

Cropland and Other vegetation mosaic 0.1919 −0.5646
Built-up area −0.5558 −0.0583

Factor loading

Landuse mixture 0.9404 −0.1668
Forest 0.5923 0.7778

Shrub and Grassland 0.6876 −0.3993
Paddy field −0.1993 −0.718

Cropland and Other vegetation mosaic 0.3136 −0.7843
Built-up area −0.9084 −0.081

3.3. Result of categorization

Cluster analysis of the two principal components revealed three categories of cities (see Figure 1).
The first principal component values for cities in Category 1 (N = 93) are low. Their average degree of
land-use mixture is the lowest, and the proportion of built-up area is the highest. Category 2 (N = 347)
includes cities that have relatively high degree of land-use mixture and high proportion of forest areas.
The cities in Category 3 (N = 351) have relatively high degree of land-use mixture and high proportion
of farmland. Each category has different characteristics in the component of mosaic land use and
degree of land-use mixture.

3.4. Characteristics of Each Category

To determine the land-use characteristics of each category, we calculated the averages and
standard deviations of the six indicators in each category (see Tables 3 and 4). The quartiles, and
minima and maxima of the indicators are shown in Figure 2. We used the other land-use indicators
along with the ones related to native biodiversity indicators to analyze the land-use characteristics
that are related to ecosystem characteristics of the cities. In the discussion of the characteristics of each
category, averages across all cities in each category were referred to.
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Figure 1. Result of categorization of cities.

Figure 2. Quartiles and minimums and maximums of the six indicators in each category. Note: Unit:
(original values multiplied by 100): Land-use mixture, (%): proportion of forest, shrub and grassland,
paddy fields, cropland, and other vegetation mosaic, and built-up area. Horizontal lines in each bar
chart show maximum, top 25th percentile, median, bottom 25th percentile, and minimum values.

Table 3. Averages of the six indicators in each category.

Category No. of City
Landuse
Mixture

Forest
Shrub and
Grassland

Paddy
Field

Cropland and Other
Vegetation Mosaic

Built-Up
Area

- % % % % %
1 93 0.2 2.1 4.6 9.7 3.5 79.3
2 347 0.5 72.3 10.8 5.7 5.9 4.2
3 351 0.6 27.9 16.0 23.2 19.1 12.3
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Table 4. Standard deviations of the six indicators in each category.

Category No. of City
Landuse
Mixture

Forest
Shrub and
Grassland

Paddy
Field

Cropland and Other
Vegetation Mosaic

Built-Up
Area

1 93 0.102 3.9 4.0 8.1 3.9 13.4
2 347 0.097 13.5 4.9 5.7 3.5 7.9
3 351 0.132 20.4 7.2 16.3 11.2 13.5

3.4.1. Category 1

The proportion of built-up areas was 79%, and that of forest areas was 2%. Large cities that held
central administrative units, such as special wards of Tokyo Prefecture and Osaka City, had relatively
high proportion of built-up areas, and they were included in Category 1. Although they had high
proportion of built-up areas, the proportion of farmland was not considerably different from that of
Category 2. However, cities in Category 1 had low proportion of natural land, and the diversity of
land-use category was relatively low. Therefore, the degree of land-use mixture was lower than that of
the other categories.

We focused on the municipal areas of the cities; if a city is situated in the center of a large
metropolitan area consisting of several municipalities, the proportion of built-up areas of the city
might be relatively high. The values of the land-use indicators can be changed depending on the
definitions of cities. In the future, we intend to identify the impacts of the definitions on the values of
the indicators.

In terms of degree of land-use mixture and proportion of natural land, cities in Category 1 might
have less biodiversity, and their ecosystem services might be inactive. The conservation of biodiversity
in each land-use category in urban areas is important, as well as the conservation and enhancement
of biodiversity in the surrounding areas. Reducing the impact on ecosystems from agglomeration of
buildings and paved roads and other anthropogenic objects is necessary; cities in Category 1 had high
proportion of built-up areas and might strongly depend on ecosystems in their surrounding areas.

3.4.2. Category 2

The proportion of forest areas was 72%, and that of built-up areas was 4%. The proportion of
farmlands was relatively low (12%), and that of natural lands excluding forest areas was 11%. The
degree of land-use mixture was relatively high, and the land-use mosaic consisted of natural lands
rather than farmlands.

Cities in Category 2 might have high biodiversity and abundant ecosystem services. Cities in
Category 1 required management of biodiversity within the group and their nearby areas via the
cooperation of its surrounding administrative units. However, the main issue of cities in Category 2
was managing their impact on biodiversity within them.

3.4.3. Category 3

The proportion of forest areas in this category was 28%, paddy fields accounted for 23%, and the
built-up areas were 12%. In this category, the proportion of farmlands was relatively high; however, the
proportion of a specific land-use category was not extremely higher than that in the other categories.
These cities had diverse land-use categories, and the average of the degree of land-use mixture was the
highest among all the categories.

Cities in Category 3, which have the most diverse land-use, can have higher biodiversity and
more abundant ecosystem services than those in Category 1. However, the built-up areas of cities
in Category 3 were surrounded by farmland that could expand easily. Therefore, one of the main
issues of these cities was the conservation of ecosystems that depended on farmlands. Thus, if a city
could not implement adequate management of farmland, they would risk having negative impacts on
their ecosystems.
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3.4.4. Regional Characteristics of Japan

The regional land-use characteristics of cities in Japan that have wider mountainous areas often
include forest lands with low population density. Even Category 3 cities, which have a high proportion
of farmland, have relatively high proportion of forest lands (>25%).

Japan is a part of monsoonal Asia; the land is mostly covered with paddy fields and has high
population density like other areas in the region. The proportion of paddy fields in Category 1 that has
greater built-up areas was higher than that of cities in Category 2 that have high rates of forest lands.
This suggests that paddy fields can exist in regions adjacent to built-up and densely populated areas.
By considering these regional characteristics, the policy makers, citizens, and business sectors can
implement measures to ensure sustainable management of urban biodiversity and ecosystem services
in Japan. These characteristics might not be common among cities having different climatic zones.

3.4.5. Basic Environmental Characteristics

Highly dense paddy fields and high proportions of forest lands are the regional characteristics and
basic environmental features of Japan. These might not change easily in a short period. However, the
proportion of farmland can change to a great extent, and it can be considered a variable environmental
characteristic. Understanding the difference among these environmental characteristics is needed
to develop adequate management strategies for city biodiversity. Efficient and effective sharing of
knowledge and information can be implemented among cities that have the same basic environmental
characteristics and similar variable features.

4. Issues and Prospects

Biodiversity of a city is associated with the sustainability of the city; biodiversity in urban areas
can contribute to the enhancement of amenities by increasing cultural services and regulating living
environment via regulating services. CBI is the indicator for establishing appropriate managements
of biodiversity and ecosystem services in each city. The issues of CBI need to be addressed to ensure
city sustainability by implementing adequate managements. There are three main technical issues
with CBI, which include (1) collection of data for indicators; (2) establishment of spatial territories and
definitions of indicators; and (3) elucidation of the different ecological backgrounds of each city.

In this study, we suggested potential solutions to improve city biodiversity by using land-use
indicators that are related to native biodiversity indicators in CBI. The land-use indicators are calculated
using global data that can be obtained easily. Thus, the first issue related to data collection can be
resolved by using remote sensing data. However, indicators to evaluate the quality of biodiversity are
required. We categorized cities based on not only proportions of land-use categories but also degrees
of land-use mixture, which revealed the qualitative aspects of land use. These indicators can be used
to evaluate the qualitative aspects of biodiversity.

Regarding the second issue, we use administrative units for urban areas. It can be expected that
each administrative unit for city government management is different in terms of the amount or nature
of human activities. When we identify the relationships among human activities and biodiversity, it is
necessary to use urban areas detected by the same definition in terms of manpower.

For addressing the third issue, the characteristics of land use that reflect the characteristics of
ecosystems in cities need to be identified. Considering the characteristics of ecosystems that are
estimated using land-use characteristics, indicators of CBI can be developed and evaluated.

The second and third issues are related to the spatial- and temporal-scale dependence of indicators.
Regarding their spatial-scale dependence, geographic information system (GIS) data that were used in
this study cannot be used for analyzing smaller districts in cities; GIS data with greater resolution are
needed to monitor and evaluate the more micro-scale ecosystems. The share of each land-use category
in an administrative area of a city is changing. If time series land-use data would be applied in this
analysis, we might found cities that would move to the other categories from categories to which they
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belonged in the previous time. We did not use time series data in this preliminary analysis. In further
research, time series data will be needed to understand temporal trends in land use of cities.

The third part is of particular importance for reviewing cities nationwide. The uniform application
of CBI to cities is likely to result in high scores for cities with green areas, regardless of administrative
and citizen efforts. Such categorization of cities might enable collaboration and comparison with
existing profiles and conditions.

5. Conclusions

The sustainable use of biodiversity and ecosystem services at the urban level is a global issue. We
conducted an empirical study to determine the possibility of CBI application at the national level. To
our knowledge, this is the first empirical investigation at the national level that includes both rural
and urban areas (except Singapore, which is a state). There are issues in application of CBI, including
limitation of available dataset. By using the land-use dataset that can be obtained from remote sensing
data, we proposed the solution for the issues related to the limitation of the dataset.

Our results suggest that the Japanese cities can be categorized into three major groups. The
major biodiversity components were forest, paddy, and cropland. This categorization might serve as
a basis for possible collaboration among Japanese cities that have similar challenges and conditions.
The collaborations among cities are required to coordinate policies on various spatial scales to
enhance biodiversity on a global scale. The categorization that we attempted can be a preliminary
step to establish a method to identify the adequate networks of cities in the world for ecosystem
services management.

Many cities have expressed concerns regarding the compilation of data or initiation of their own
evaluation of native biodiversity or ecosystem services. Furthermore, for many cities, obtaining funds
for activities related to biodiversity conservation is difficult. Given the limitations in budgets and
human resources, the simplified and cost-effective measures presented in this study might be useful
for the development and application of biodiversity indicators in Japan in the future.
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Abstract: Deciding upon optimum planning actions in terms of sustainable urban planning involves
the consideration of multiple environmental and socio-economic criteria. The transformation of
natural landscapes to urban areas affects energy and material fluxes. An important aspect of the
urban environment is the urban metabolism, and changes in such metabolism need to be considered
for sustainable planning decisions. A spatial Decision Support System (DSS) prototyped within the
European FP7-funded project BRIDGE (sustainaBle uRban plannIng Decision support accountinG for
urban mEtabolism), enables accounting for the urban metabolism of planning actions, by exploiting
the current knowledge and technology of biophysical sciences. The main aim of the BRIDGE project
was to bridge the knowledge and communication gap between urban planners and environmental
scientists and to illustrate the advantages of considering detailed environmental information in
urban planning processes. The developed DSS prototype integrates biophysical observations and
simulation techniques with socio-economic aspects in five European cities, selected as case studies for
the pilot application of the tool. This paper describes the design and implementation of the BRIDGE
DSS prototype, illustrates some examples of use, and highlights the need for further research and
development in the field.

Keywords: spatial decision support systems; urban planning; sustainability indicators; urban
metabolism

1. Introduction

The transformation of landscapes from primarily forest or agricultural uses to urbanised areas
modifies energy and material exchanges between the city and its environment. These exchanges define
the urban metabolism of a city, which is an important aspect in the functioning of cities [1] and needs to
be considered in urban planning. Urban metabolism studies consider a city as a system and distinguish
between energy and material flows. Since cities are much more than a mechanism for processing
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resources and producing wastes, the urban metabolism concept includes livability aspects, referring
to the human requirement for social amenity, health and well-being. Sustainability for a city is not
only the reduction in metabolic flows, but also the increase of human livability, and economic and
social aspects of sustainability need to be integrated along with the environmental ones [2]. The city
design (defines the urban form and cover), the urban governance (related to the land use and the
anthropogenic emissions) and the local and regional climate dynamics affect the energy, water and
carbon exchanges between the urban surface and the atmosphere, modifying the respective urban
metabolism components. Therefore, the better understanding and monitoring of energy, water, carbon
and pollutants fluxes has the potential to support urban planning and management by: (a) supporting
the development of methods for optimization of these fluxes at micro, local and regional scales in
the framework of a city-scale climate-change adaptation; and (b) providing the means to support
“land-based mitigation”, defined as land surface changes producing a modification in urban energy
water and carbon exchanges towards slowing the pace of warming in cities. Land-based mitigation
complements conventional emissions-based mitigation through addressing the regional to local-scale
drivers of climate change that are often the principal driver of ongoing warming trends at these
scales [3]. The land-use planning activities of local/regional governments may therefore provide
the most direct regulatory means of managing urban energy water and carbon exchanges towards a
sustainable urban metabolism, so as to minimize land-based climate, forcing towards the improvement
of thermal comfort and air quality, that are both important elements of the quality of life in cities.

Traditional metabolic studies assess the inputs and outputs of food, water, energy, waste, materials,
etc. from a city, or compare the metabolic processes of several cities [4]. Recent advances in biophysical
sciences consider the urban metabolism as the exchange and transformation of energy and matter
between a city and its environment, and make possible to provide quantitative estimates of the
urban metabolism components at a local scale [5]. Several methods and tools are available for
estimating energy, water, carbon and pollutants fluxes, and research efforts in these areas are ongoing.
Nevertheless, there is still no standardized method to conduct quantitative urban metabolism studies
worldwide [6] and available tools are more scientifically oriented and not user-friendly for planning
purposes [6,7]. In addition, comprehensive urban metabolism data at city scale are difficult to obtain,
especially for low-income cities. These reasons prevent planners and policy-makers from exploiting
existing knowledge and information in urban planning processes.

The rising pressure for urban sustainability confronts planners with the necessity of taking
into account the environmental and socio-economic considerations at once. For example, it is not
common for urban planners to have background knowledge on urban climatic processes and the
interaction with climate experts is difficult because of the different practice backgrounds [5]. Therefore,
there is arising need for development of specific evaluation methods and appointed tools to address
multiple inter-disciplinary aspects within decision-making regarding urban planning [8]. To support
an evaluation, each decision problem needs to be described in a structured way and planning
alternatives need to be defined and accompanied by descriptive and quantitative information. Spatial
Decision Support Systems (DSS) are powerful decision support tools that comprehensively analyse
baseline information and satisfy multiple-period, multiple-objective and multiple-user requirements [9].
Spatial DSS are capable of supporting complex decision-making and of solving semi-structured,
or unstructured problems [10]. Such systems help decision-makers in finding concrete solutions for
decision issues and facilitate the use of geospatial data and models.

The basis of geospatial decision support is the technology of Geographic Information Systems
(GIS). The basic decision supports of GIS include data management to extend human memory,
graphic display to enhance visualisation, and spatial analysis functions to extend human computing
performance. Beyond these common GIS decision aids, special features include modeling, optimisation
and simulation functions required to generate, evaluate, and test the sensitivity of computed solutions.
GIS can also support other functions, such as statistical, spatial interaction and location/allocation
models. As most territorial and environmental assessments involve several planning alternative
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options, as well as numerous planners with different views and perceptions, spatial DSS provide
effective techniques to assess multiple and/or cumulative impacts, to incorporate stakeholder
perceptions and to carry out a vulnerability or suitability analysis in order to evaluate the alternatives
under consideration [11]. The use of spatial DSS is lately increasing in impact assessment to support
urban planning [12].

The European Seventh Framework Programme (FP7) Project BRIDGE (SustainaBle uRban
plannIng Decision support accountinG for urban mEtabolism) introduced the consideration of
environmental issues in urban planning support systems, by means of numerical tools. The BRIDGE
project did not perform a complete life cycle or a whole system urban metabolism analysis, but rather
focused on specific metabolism components, namely energy, water, carbon and pollutants. A corollary
of the BRIDGE project was the development of a DSS prototype with the potential to evaluate planning
actions that better fit the goal of changing the metabolism of urban systems towards sustainability.
State-of-the-art numerical models were employed to simulate the physical flows of energy, water,
carbon and pollutants and a Multi-Criteria Evaluation (MCE) approach was adopted to cope with
the complexity of interactions between the environmental, social and economic components of the
urban metabolism.

The main aim of the BRIDGE DSS is to assist decision-making by providing a structured
assessment of alternatives and methods comprising key urban metabolism components for their
comparative analysis, ranking and selection among them. An issue to deal with is the dependence
of the outcome on the objectives that the user establishes. Different objectives may be set depending
on the interests, the needs and the resources of planners and stakeholders, some of which may
conflict. Therefore, the optimum solution is a trade-off between objectives, dependent on the
end-user (e.g., planner) preferences. The BRIDGE DSS evaluates how Planning Alternatives (PA)
modify the physical flows of the urban metabolism components under consideration. To cope
with the complexity of urban metabolism issues, objectives are defined in BRIDGE as priorities
in relation to interactions between the environmental elements (e.g., fluxes of energy, water, carbon
and pollutants) and socio-economic components (e.g., investment costs, housing, employment, etc.)
of urban sustainability. Indicators, organised in groups, are used to characterise objectives and the
evaluation of the performance of each PA is done according to the importance of each objective.
The user decides on the relative importance of the objectives and may decide on which indicators to
include in the analysis. The combined performance of indicators selected as relevant in each particular
case are then used to rank the PA.

The developed BRIDGE DSS prototype and its main components are described in this paper,
including the numerical models that were utilised to simulate the physical-flows, the set of indicators
developed in the framework of the project based on stakeholder consultation and the MCE approach
that was used to evaluate the performance of urban planning actions. Evaluation results for five
European cities (Helsinki, Athens, London, Firenze and Gliwice) are also presented and discussed.

2. Materials and Methods

2.1. Study Sites

Five European cities were selected as case studies in the framework of the BRIDGE project in an
attempt to capture different environmental and socio-economic behaviours. Helsinki, Finland, was
selected as a high latitude city with rapid urbanisation and the requirement of a substantial amount of
energy for heating. Athens, Greece, was selected as a mid-latitude Mediterranean city that requires
a substantial amount of energy for cooling. London, United Kingdom, was considered as one of the
world’s mega-cities. Firenze, Italy, was selected as a representative old city with substantial cultural
heritage and Gliwice, Poland, a typical eastern European city with dynamic planning process reflecting
the economic, social, and political changes held within last two decades.
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Stakeholders and potential users were involved in the design of the BRIDGE DSS from the
beginning of the project, forming a Community of Practice (CoP) [13]. The CoP consisted of
professionals in the field of city planning and researchers participating in the BRIDGE project to
establish a learning environment and jointly search for opportunities for improving sustainable urban
planning. The participative approach allowed insight into the case studies to be gained in relation to
both planning structures and issues, and sustainability considerations. The approach followed in the
BRIDGE project helped to provide the stakeholders and users’ perspective to the research team, with
the likely outcome that the DSS responds to the sustainability objectives in each city, as well as the
needs of the users. The identified objectives and the derived indicators were largely shaped by the
professional background and perceptions of the case study representatives.

Figure 1. (a) Planning alternatives for the five case studies: (a) Helsinki, (b) Athens, (c) London, (d)
Firenze and (e) Gliwice; adapted from [1].

Three PAs for each case study (PA1, PA2 and PA3) were proposed in the framework of the CoP and
are shown in Figure 1. The proposed PA for Helsinki referred to replacing a green area (Meri-Rastila)
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with different kinds of building types and densities (Figure 1a). For Athens, PA1 referred to applying
cool materials on all buildings and roads in a central area (the Egaleo municipality), while the other
two alternatives concerned the transformation of a brownfield (Eleonas) to either residential area (PA2),
or green space (PA3) (Figure 1b). For London, the PA1 was related to the addition of street trees, PA2 to
the installation of green roofs of varying slopes, and PA3 to the implementation of both PA1 and PA3 in
the central activity zone (Figure 1c). For Firenze, PA1 concerned the complete reforestation of a green
area and a sport arena (in the Cascine Park), PA2 the redevelopment of a former industrial area (in
San Donato Park) and PA3 the implementation of both PA1 and PA2 (Figure 1d). Finally, for Gliwice,
PA1 regarded the construction of a sports centre (Gliwice Central Arena), PA2 the construction of a
commercial centre and PA3 again referred to the implementation of both PA1 and PA2 (Figure 1e).

Although all five case studies represent distinct urban structures and planning issues, and the
proposed planning alternatives significantly diverge amongst cities, sustainability is at the core of
urban planning in all the cities. The planning objectives contemplated in the relevant development
plans and the policy priorities identified during the CoP (e.g., addressing greenhouse gas emissions
and climate change by enhancing the urban fabric and the energy-efficiency in buildings; reducing
traffic-related emissions through improvements in public transport; or/and increasing urban green
spaces to address air quality and heat island effect and the associated health implications) illustrate a
common line of improvement and promotion of sustainability principles at a European level [12].

2.2. Physical-Flow Numerical Models

Physical-flow numerical models (referred simply as models from now on) were used to simulate
the exchange of energy, carbon and pollutants fluxes in urban areas. A large variety of such models
exists, from those using simple approximations to very complex ones and the selection and application
of specific models depends on the computer power availability, the available data and the objectives of
the study. Different types of models from mesoscale air quality models to urban canopy models were
implemented, using the cascade modeling technique from large to local scale. Mesoscale meteorological
models such as WRF (Weather Research & Forecasting Model) were used to simulate the atmospheric
flow in a 3D cube with spatial resolution between 0.2–100 km within domains from 10 km and 50 km
to thousands of km [14]. WRF models produced detailed information of all meteorological variables
and fluxes involved in the atmospheric flow. Meteorological and atmospheric condition information
estimated by WRF provided inputs to chemical transport models such as CAMx (Comprehensive
Air Quality Model with Extensions) [15], CHIMERE (Chemistry-transport model) [16] and CMAQ
(Community Multiscale Air Quality) [17], which were used to estimate the atmospheric content of
carbon and pollutants.

In addition to the application of complex and demanding models, urban canopy models
were also used in BRIDGE. These models use less complex approximations, are less demanding
in terms of computations and easier to use in decision support tools. Urban canopy models of
different turbulence schemes such as LUMPS (Local-scale Urban Meteorological Parameterisation
Scheme) [18] and SURFEX (Town Energy Balance—SURFace-atmosphere EXchange Module) [19]
were applied for energy, carbon and pollutants fluxes approximation. The ACASA model (Advanced
Canopy-Atmosphere Soil Algorithm) [20] was simulated surface-atmosphere interactions and the
distribution of trace gases. The second generation Gaussian plume model URBAIR model (Urban
Air Quality) [21] was used to evaluate air quality and dispersion patterns, since it is appropriate for
distances up to about 10 km from the source. Finally, the SIMGRO model (SIMulation of GROundwater
and surface water levels) [22] was used to produce detailed information on all the hydrological
processes present in an urban environment. The different model simulations performed for the BRIDGE
case studies, generated outputs like the CO2 flux, CH4 emissions, PM10, O3, SO2 concentrations,
sensible and latent heat flux etc. A set of aggregation algorithms were developed and applied to
estimate absolute indicator values from the model’s simulation results, depending on the nature of
each indicator.
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2.3. Data Collection and Organization

To support both the modeling procedure and the PA evaluation process, data associated to both
environmental and socio-economic parameters were collected for the five case studies [23]. Energy,
water, carbon and pollutants fluxes were systematically monitored, using both in-situ and remote
sensing techniques. Surface fluxes and latent heat, momentum, net urban carbon exchange and aerosols
fluxes were measured on a continuous basis by eddy covariance/large aperture scintillometry and by
repeated seasonal campaigns of research aircrafts. Both existing and new networks of bio-sensors were
used as bio-accumulators assessing air quality. Collected data were used to validate the simulations
generated by the models. Satellite, airborne and ground-based remote sensing methods were applied
to derive spatial distributions of various geo-physical parameters such as surface albedo and emissivity.
These were necessary as input to the models. Additional data were gathered referring to traffic flows,
soil and vegetation status and activity, soil moisture, energy exchange and air quality of buildings,
surface temperature, indoor pollutants and Particulate Matter (PM) concentrations. The land cover/use
dynamics were also estimated and mapped. Socio-economic data concerning parameters like space,
mobility, heat and water demand, land-use types, coverage and intensity, building volumes, population
density, unemployment rate and education level were also gathered. All the above-mentioned data,
along with the model simulation results were organised in databases for the case studies and are part
of the BRIDGE DSS.

3. Algorithms Description and Implementation

3.1. Algorithms Description

The overall goal of the BRIDGE DSS was to assist urban planners to better explore the decisions
at hand and to analyse the trade-offs between the competing criteria to consider urban metabolism in
planning decisions. Therefore, the adapted methodology is based on sustainability objectives defined
for specific aspects of urban metabolism. These objectives reflect components of sustainability, namely
environmental, social and economic. A set of criteria were associated to the objectives providing a
link between the objectives and the indicators. Indicators demonstrate the level of achievement of
each criterion in a quantified manner. They intend to reflect the multidimensional nature of the urban
metabolism, while making them easily understood by non-experts. The set of indicators developed
in the framework of CoPs in BRIDGE project is listed in Table 1 [12]. These indicators are grouped
into three main categories that depict the sustainability dimensions of urban metabolism and they are
further sub-grouped in a hierarchical mode. This hierarchical grouping allows inclusion of a group
or subgroup of indicators at will in the analysis, and accordingly, to adjust their relative importance,
providing flexibility concerning the level of detail or aspects considered in the analysis.

The DSS allows the user to decide upon the sustainability objectives according to user needs or
preferences and to determine their relative importance. The evaluation of the performance of each PA
is done in accordance with the predefined qualitative values (i.e., relative importance) for each criterion
to measure the performance of individual alternatives. The developed MCE is then used to measure
the intensity of the interactions among the different elements in the system. Different algorithms
are used to aggregate the models simulation results, at both geographic (i.e., intervention area and
surroundings) and temporal (e.g., annual) levels, resulting in absolute indicator values. Thresholds are
used in some cases to establish the status of the indicators’ performance, which refer to the maximum
values permitted according to legislation. For example the upper limit for PM10 is 50 μg/m3, not to
be exceeded more than 35 times a calendar year, according to European Directive 2008/50/EC [12].
Model simulations would provide the PM10 concentration per area for a given time interval. The
aggregation algorithm counts the times of 50 μg/m3 threshold exceedance throughout the calendar
year and creates an “indicator map of exceedances”. The map indicates the areas where the threshold
was exceeded more than 35 times in a year. The computed indicator values are then used in the MCE
algorithm to retrieve appraisal scores, as explained below.
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Table 1. Set of indicators that are used in the SustainaBle uRban plannIng Decision support accountinG
for urban mEtabolism (BRIDGE) Decision Support System (DSS) Prototype; adapted after [12].

Environmental Indicators Social Indicators

Energy Land Use

Energy consumption by cooling/heating (kWh/m2);
Anthropogenic heat (W/m2);
Bowen ratio (unitless);
Percentage of energy from renewable sources (%)

New urbanized areas (m2);
Brownfields re-used (m2);
Density of development (built m2/total m2)

Thermal Comfort Mobility/Accessibility

Thermal Comfort Index (Cooling Power);
Air Temperature (◦C);
Number of days above threshold (days/total period)

Quality of pedestrian (qualitative);
Length of cycle-ways provided (m);
Length of new roads provided (m);
Use of public transport (% of total population);
Number of inhabitants with access to public transport
(inhabitants within 500m of public transport)

Water Social Inclusion

Water consumption (mm3);
Evapotranspiration (mm3/m2);
Infiltration (mm3/m2);
Surface run-off (mm3/m2);
Potential flood risk (peak mm3/m2 discharges)

Number of inhabitants with access to services
(inhabitants/m2);
Number of inhabitants with access to social housing
(inhabitants/m2)

Air Quality Human well-being

NOx, PM10, PM2.5, O3, CO, SO2 concentrations
(μg/m3);
NOx, PM10, O3, SO2 exceedances (threshold
exceeded or not);
NOx, PM10, O3, SO2 Potential Population Exposure

Number of inhabitants affected by flash flooding
(No. of inhabitants);
Number of inhabitants affected by heat waves
(No. of inhabitants)

Greenhouse Gases Economic Indicators

CO2, CH4 Emissions (tonnes) Cost of proposed development(€ or €/m2);
Effects on local economy (No. of new jobs created);
Effects on local economy (€ or €/m2)

For overcoming problems like simulation uncertainties and the lack of precise socio-economic
information regarding the PAs, the developed MCE method compares between alternatives rather
estimating absolute appraisal scores. One of the possible PAs is considered as the baseline or reference,
which is set by the user—so the other alternatives are compared to that of the reference alternative
could be the actual situation (business as usual scenario, where no intervention is done in terms of
planning actions), or one of the proposed PAs. Having the indicator values estimated for all PAs,
indicator scores are then calculated. Indicator scores (Si) depict their performance compared to the
reference situation, and they are calculated taking into account the changes to the indicator value
introduced by the PA being analysed (IPAi), compared to the reference situation adopted (IR). If x
stands for the PA in question and R stands for the reference situation, the ith indicator’s score is
derived using Six = Iix/IiR. The reverse form of the formula (Six = IiR/Iix) is used for indicators having
a “positive effect” in sustainability, like for example the “area of green spaces” indicator, which has a
positive effect on sustainability if its value is increased).

The user’s preferences concerning indicators are defined by weights. Weight is a numeric amount
assigned to an indicator, indicating its relative importance in relation to other indicators in the decision
situation. The higher the weight, the more important a given indicator is considered. Established
weights are normalised, so that their sum in all indicator groups equals one. Weights in BRIDGE
DSS are assigned in pairs, defining the relative importance of indicators and indicator groups [24].
Qualitative terms shown in Table 2 are used to assess the relative intensity of preference between two
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elements. Taking pairs of indicators and asking two questions (e.g., which indicator is more important,
Ci or Cj, and how much more), square reciprocal matrices are generated. For a matrix A the element aij

represents the weight given by the user for indicator i compared to j [25]. The diagonal of matrix A
is 1 (indicating that each element is the same importance with itself) and aji = 1/aij. As noted above,
the weights wi are normalised to ensure that the sum of weight equals one, by estimating the eigen
vectors v of the maximum eigen value λ of matrix A and then normalising by

wi =
vi

n
∑

i=1
vj

(1)

The scores of indicator groups are calculated using a Cobb-Douglas function combining indicators’
scores and their weights, which are defined by the user according to their relative importance. Each
group’s score (Sn) is given by

Sn = Sw1
1 · Sw2

2 · Sw3
3 · ... · Swk

k (2)

where Si is the ith indicator score, wi is the ith indicator’s weight and k is the number of indicators
included in the group. One of the advantages of this type of functions is that it enables dealing either
with relative or absolute values of indicators, and it is sensitive to the changes in scores (i.e., indicator
performance) as well as in weights (i.e., indicator importance/significance). The overall score of each
PA is calculated in the same way as the groups’ scores, using a function of groups’ scores and weights.

In summary, it is based on a value function using scores and weights: the first one translates the
relative performance of the PA under evaluation when compared to a reference situation; while the
second translates the relative importance of indicators (or indicator groups) ascribed by the user. The
BRIDGE DSS results are more than just one appraisal score for each PA. The final appraisal score is just
a representation of all the collected information. No confidence measures regarding estimated scores
are necessary to compute, because the methodology is based on relative rather than absolute values.
The user can assess individual indicator scores, as well as scores of indicator groups, to examine their
performance related to the reference situation. Absolute indicators values can also be visualised, in the
form of maps to reveal their geographical and temporal variability.

Table 2. Verbal terms shown in the table below are used to assess the intensity of preference between
two elements (adapted after [24]).

Value Verbal Term

0 same importance
1 slightly more important
2 weakly more important
3 weakly to moderate more important
4 moderately more important
5 moderately to strongly more important
6 strongly more important
7 greatly more important
8 absolutely more important

3.2. Implementation

The BRIDGE DSS prototype was developed based on the above described algorithms using Visual
Basic programming language and exploiting the available data that were organized in SQL databases.
A Graphical User Interface (GUI) was developed as an add-on for ESRI ArcGIS [26] to fully exploit its
capabilities on handling geographical data. The role of the GUI is to facilitate the user in selecting the
indicators to be used in the analysis as well as to define their relative importance; it is also used for the
presentation of the analysis results. An ArcGIS toolbar was created including all menus and options
necessary for the implementation of PA evaluations.
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Some of the models that were used in the BRIDGE DSS were very demanding in terms of
computation power (e.g., WRF model) and this made it impossible to integrate them directly into the
developed prototype. Those models can only run in powerful cluster computers; this impeded their
integration in the DSS prototype. For the BRIDGE project, model simulation were performed for all
the case studies (and their PAs) for a period of one year (hourly time step), and the simulation results
were organised in databases which were then integrated into the DSS so they could be accessed for
evaluation. BRIDGE databases are structured in order to make them easily accessible by the end-user,
by means of the developed GUI, as well as to make it possible to visualise spatio-temporal information
in different ways. For the models that were directly integrated in the system (e.g., URBAIR), the user
can interfere, parameterise and run at will.

The nature of PA, derived from the CoPs (Figure 1), was different for each case study and thus
different implementations were used in the numerical models. The PA for each case study needed
to be interpreted so as to fit the specifications of both the models and the system. For Helsinki, the
PA were implemented by changing the land uses from green areas to urban areas in the location of
new buildings. For Athens, PA1 was implemented by setting the albedo value of buildings to 85%
and of roads to 45% and PA2 and PA3 were implemented by changing the land uses of Eleonas from
industrial/commercial urban areas to high density urban and grassland respectively. To implement
the PA for London, since seven land cover types (buildings, roads, water, grass, conifer, deciduous,
shrubs) were considered, a correspondence between the above land cover information and land use
types used by the models was established. To take into account the new street trees and green roofs,
modifications of the following parameters were made: roof width, road width, and fraction of urban
by type. For Firenze, PA1 was implemented by changing land use from sport hall and grassland to
deciduous trees, PA2 was implemented by changing land use from industrial to grassland and PA3
was the implementation of both PA1 and PA2 at the same time. For Gliwice, PA1 was implemented by
changing the land use from commercial to high density urban area, PA2 was implemented by changing
the land use from low density urban to high density urban area and PA3 was the implementation of
both PA1 and PA2.

3.2.1. MCE Procedure

In this section, the procedure of how to run an evaluation using the BRIDGE DSS prototype is
described in order to present the system’s functionalities. The procedure is graphically represented in
Figure 2. The first step in the evaluation procedure is the selection of a specific case study to proceed
with. Description of the PA is provided by the system along with the respective spatial data that
feature each PA.

334



Sustainability 2014, 6, 7982–8006

Figure 2. Chart depicting the Planning Alternatives (PA) evaluation procedure used in the BRIDGE
DSS prototype.

Subsequently, the user needs to define the indicators to be included in the evaluation. The list of
the available hierarchy of indicators is presented in a structured way, as shown in Figure 3, and the
user is asked to select among them. The hierarchical organisation of indicators in three main groups
related to environmental, social and economic dimensions of sustainability can be observed in this
structure. All levels of the hierarchy can be accessed through this window. The relative importance of
indicators (and indicator groups) can be defined through this menu using scale bars on the basis of the
qualitative terms of Table 2. An example of such a scale bar is shown in Figure 4. If no user preference
is set, the indicators are considered of equal importance in the evaluation process. This means, for
example, that the indicators in question are all equally important and therefore given the same weight.
Tables of normalised weights are computed using the previously described algorithm.
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Figure 3. Window for selecting indicators to be used in the evaluation analysis. The indicators hierarchy,
shown also in Table 1, is depicted in this selection window.

Figure 4. (a) Example of scale bars that are used to define the indicators’ (or indicator groups’) relative
importance and (b) the normalised weights that are computed based on the user’s preferences.
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Figure 5. Form that is used for insertion of indicator values that are not modeled in the BRIDGE DSS
(i.e., socio-economic indicators).

The next step is the calculation of selected indicator values for each PA. These values are calculated
in different ways. Environmental indicators arising from physical flow simulations are calculated
by numerical models, while socio-economic indicators reflecting objective values (e.g., number of
houses constructed, number of jobs created, etc.) are given as data attached to planning alternatives
and thus have to be directly inputted by the user. Socio-economic indicator values are not estimated
using models in the BRIDGE DSS, as the integration of socio-economic models was out of scope of the
BRIDGE project. Therefore, the user is required to provide these values for each PA, using the form
shown in Figure 5. There is a choice of providing absolute or relative values. Relative values reflect the
relative performance of indicators between the PA in question and the reference situation. Relative
values are useful when the absolute values of indicators cannot be defined (e.g., regarding employment
indicator, one may not know how many job positions will a PA induce, but might estimate that this be
double to the reference situation). Instructions on how to use relative values instead of absolute ones
are given in the BRIDGE DSS Prototype User’s Guide [27]. Once all the above-described information
is made available to the system, the user can run the MCE procedure. A set of different outputs are
produced to estimate the PA performance in terms of indicators. The representation of the results is
described in the following section.

3.2.2. Evaluation Outputs

The evaluation procedure calculates individual indicator scores, as well as a final appraisal score
for each PA. Spider diagrams are used to graphically represent the individual indicator scores of all
PA, illustrated in different colors to facilitate comparison. The reference situation is always presented
as a circle in the spider diagram, having all appraisal scores equal to one. A final appraisal score for
each PA is calculated as a combination of the above scores and weights, as described in the previous
section. A final appraisal score higher than one indicates better performance of the PA in question,
compared to the reference. The same applies to the underlying indicators scores. Figure 6 shows
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an example of the evaluation results form. The final appraisal scores for the PA are shown on the
top of the window, while the individual appraisal scores are shown on the right. This information is
not considered sufficient for taking a decision regarding the best PA, thus the user can also visualise
individual indicator maps to have a clear picture of the spatial and temporal distribution of specific
indicator values.

Indicator maps are spatio-temporal representations of the indicator values computed in each grid
cell using the model simulation results. The desired time period of indicator values to be displayed
can be adjusted by the user. The user selects the indicator of interest from a list of available indicators,
and the desired time period. Different combinations of time and days can be used to produce different
kind of maps (i.e. seasonal maps, daily maps, yearly maps, etc.). The type of performed calculations
can also be assessed through time and the user can choose between average, minimum, maximum
and summary values to be drawn in the relevant indicator map, which is considered necessary due to
the differences in the nature of indicators (e.g., EU air quality Directive's reference to annual vs. daily
values). The option to draw maps of differences between the PA and the reference situation is also
provided, which aims at highlighting the differences between PA enabling their comparison.

Figure 6. Example of the Multi-Criteria Evaluation (MCE) result form, depicting the final appraisal
score of each PA, the individual computed scores and the spider diagram that graphically depicts the
different scores for different PAs.
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3.2.3. Further Analysis of MCE Outputs

While the discussion so far has emphasized the capabilities and functionalities of the DSS to
evaluate the impact of local-scale PA, these alternatives do not live in a vacuum, or better, they
should not be assumed to exist against astatic backdrop. A fair evaluation of projects thus must
take into account the evolution, the possible trajectories and future scenarios of the wider urban
context, and indeed possibly the whole urban area. That is why BRIDGE DSS features two additional
future-scenarios analysis against which (and in the context of which) the PA are evaluated.

The first scenario analysis tool is based on a land-use cellular automata (CA) model, integrated
in the BRIDGE DSS prototype. The purpose of the model is to simulate the city-wide land use
dynamics, and thus produce scenarios (under different parametric assumptions about the city growth
and demand for land uses) of future spatial distribution of city-wide land uses. The model is based on
the conventional model of constrained cellular automata, which allocates the demand for land uses to
each cell by accounting for the interaction between different land uses and physical, environmental
and institutional factors (e.g., zoning, planning regulations) related each cell [28]. Thus, the CA model
allows to account for broader effects of planning decisions, in terms of a spatial distribution of land
uses over a larger geographical area.

The second wide-scale scenario-analysis tool incorporated in BRIDGE DSS allows the user to
evaluate priorities in response to different extreme future scenarios. Three extreme future strategic
scenarios were considered in the BRIDGE project, as shown in Table 3 [29]. In Scenario I, climate
change is not a threat, there are sufficient energy resources and the cities’ success depends on their
ability to attract qualified people and firms. Critical issues for sustainability in this case may refer to
the efficient use of energy, the transition to renewable resources and cleaner use of fossil energy, as well
as attempts for a balanced society and a highly productive economy. In Scenario II, climate change is a
burning issue. The cities’ attractiveness depends on their capacity to face climate change, while energy
is not that big a problem and the economy is growing. To face the climate change threat there is urgent
need to absorb greenhouse gases and to reduce the emissions. In Scenario III, the lack of energy is
freezing the economy, thus cities’ success depends on low costs and energy shortage. Non-renewable
sources are reaching the end and the use of renewable sources is insufficient. Reduced mobility leads
to urban concentration, resources are diverted for fast increase of renewable energy sources and social
inequality is increased.

Table 3. Extreme future scenarios, as these are defined in BRIDGE.

Scenarios
Climate
Change

Energy/Technological
Development

Economy

Scenario I: BRIDGE in Wonderland + + +
Scenario II: Climate change is a burning issue - + +
Scenario III: Lack of energy in freezing the economy + - -

Model projection for the year 2030 allowed assessing the performance of the environmental
indicators for the reference situation and for all PA considered under each of the considered future
scenarios. For these projections, assumptions on environmental conditions were made, based on the
Intergovernmental Panel on Climate Change (IPCC) scenarios A2, A1F1 and B1 [30], which address the
characteristics of the strategic scenarios developed in the BRIDGE project. More specifically, the IPCC
scenario A2 (medium emission scenario) was used in the BRIDGE models to simulate the fluxes in
case of the Scenario I, the IPCC scenario A1F1 (worst emission scenario) was used in case of Scenario
II, whereas the IPCC scenario B1 (best emission scenario) in case of Scenario III [29,31].

For the evaluation of PA against the strategic scenarios, the environmental indicators scores were
calculated based on model simulation results for the year 2030. As noted above, model simulations
were performed using the IPCC scenarios, whereas the estimations of socio-economic indicators values
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were defined by the CoPs. In the absence of environmental, energy and economic constraints, the
focus of urban policy would be the prevention of other types of problems, and the increase of quality
of life in general. The evaluation of the PAs in each case study against strategic scenarios is done by
adjusting the indicators relative importance considering the extreme situation outlined by the each
scenario. Windows identical to those used for adjusting indicators relative importance for the present
conditions (Figure 4) can be used to adjust the indicators’ weights. The MCE process, adjusted for the
extreme conditions of scenarios and the new user preferences, runs again and results are produced for
each strategic scenario as shown in Figure 7.

Figure 7. Example of the scenario analysis result form.

4. Results and Discussion

The BRIDGE DSS prototype was developed with the potential to evaluate PA and determine the
alternative that better fits the goal of changing the metabolism of urban systems towards sustainability.
Examples of this DSS results are presented and discussed in this section, aiming at highlighting
the system’s main capabilities and advantages, as well as the limitations and the induced need for
further research.

The BRIDGE DSS assesses the performance of a PA in terms of sustainability according to the
user preferences. As an example, Figure 8a shows the estimated MCE results for the case study of
Athens, with all the indicators included in the analysis having equal importance. In this case PA3
was found to have the highest final appraisal score (0.923), compared to the reference alternative,
followed by PA1 (0.795) and PA2 (0.665). However, if the user changes the relative importance of some
indicators the results change. For instance, given that Athens’ citizens face thermal discomfort issues
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quite often during summer, a possible user might consider thermal comfort to be absolutely more
important than water and energy balance. In such cases, as it can be noted in Figure 8a, PA1 gains a
higher appraisal score in terms of thermal comfort (1.12) than PA2 (1.00) and PA3 (1.04). By changing
the user’s preferences in this way, the individual and final appraisal scores also change (Figure 8b),
but PA3 remains with the highest final score (0.949), followed by PA1 (0.838) and PA2 (0.661). This
example demonstrates the performance of the MCE algorithm used in the BRIDGE DSS.

Figure 8. MCE results for the PAs of Athens as estimated by the BRIDGE DSS (a) by applying equal
importance to indicators and indicator groups, (b) by changing the importance of thermal comfort as
absolutely more important compared to energy and water balance.

341



Sustainability 2014, 6, 7982–8006

Additional tools are provided by the BRIDGE DSS in order to assess the behavior of the PA with
regard to the availability of indicators in space and time. The desired indicator along with the time
period can be selected by the user according to a given interest for more detailed examination. Figure 9
shows the spatial distribution of air temperature in the case study of Athens for the reference situation
and for each PA (top of the figure) for a summer period between 10:00 and 13:00. The capability of
visualising differences between the reference situation and the PAs is also provided by the system.
This capability enables automatic identification of spatial differences as well as quantification of those
differences. Figure 9 (bottom) shows differences of air temperature between the PAs and the reference
situation for the same time period.

Figure 9. Air Temperature indicator map for the case study of Athens: Spatial distribution of air
temperature maximum values for the reference situation (a) and for each PA (b–d) for summer period
between 10:00 and 13:00. The differences between the reference situation and each PA are also illustrated
(e–g).

Legislation exists to ensure good air quality in urban areas (i.e., the European Directive
2008/50/EC). The established restrictions refer to concentration limits in the area, specifying also the
permitted time limit. Spatial and temporal patters of indicators referring to exceedances of established
limits are also estimated by the BRIDGE DSS. Such indicator values and their temporal and spatial
distribution are highly useful for urban planning actions. Figure 10 shows an example of exceedances
in the case study of Helsinki, for the reference situation (a) and the PAs (b–d). Red cells represent areas
where the threshold has been exceeded for atmospheric Particulate Matter of diameter of 10 μm or less
(PM10).
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Figure 10. Example of indicator map of exceedances. Number of exceedances of PM10 threshold in
the area of Helsinki for (a) the reference situation, (b) PA1, (c) PA2 and (d) PA3. Red cells represent
the areas where the established EU threshold is exceeded, at least one time, during a time period of
one year.

In addition, the BRIDGE DSS allows the evaluation of PAs in three strategic scenarios (Table 3).
The evaluation of PAs in extreme future conditions aims at characterising the PAs as either robust,
unstable, or unclear. Robust alternatives are those that present the best score in all situations, unstable
results regarding the strategic scenarios analysis are considered those that require deepen knowledge
about future evolution before a decision is taken, while an unclear evaluation is characterised as one
where the appraisal scores are very similar, indicating the need to use more and better information.
For example, Table 4 shows the results of strategic scenarios analysis of the case studies of Gliwice and
Helsinki. It is clear that for Gliwice, the PA3 was the robust option: whatever the context where the
political decision is taken, the best alternative was the construction of both the sports centre and centre
of new technologies. However, concerning Helsinki, the PA presented similar performances in the
three strategic scenarios. When there were no economic or environmental constraints in the scenarios,
the results for all scenarios were almost equal: there were no clear gains of increasing the constructed
area. For strategic scenarios II and III, the results pointed to the project with more inhabitants and built
up area (PA3), but with a marginal advantage over PA2.

Another tool, embedded in the BRIDGE DSS is the cellular automata module. This module allows
the user to estimate future land uses in the broader area, taking into account the foreseen planning
action. Figure 11 shows an example of change in the land uses in the next two decades in Athens with
and without the implementation of the PAs shown in Figure 1. The cellular automata is useful for
assessing the effect of a planning intervention on the land uses of the surrounding areas for a longer
time period. In the case of Athens for example, PA1 does not have any effect on land uses since it only
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refers to changes in materials used for the same structures. On the other hand PA2 and PA3 do result
on some land use changes, but only close to the area of interventions.

Table 4. Strategic Scenarios evaluation results for Gliwice and Helsinki.

Case Study Scenario PA1 PA2 PA3

Gliwice
Scenario I 1.00 1.01 1.33
Scenario II 1.00 1.02 1.05
Scenario III 1.00 1.08 1.37

Helsinki
Scenario I 1.00 0.99 0.98
Scenario II 1.00 1.10 1.12
Scenario III 1.00 1.14 1.15

Figure 11. Estimated future land uses for the case study of Athens for (a) the reference situation,
(b) PA1, (c) PA2 and (d) PA3.

The BRIDGE DSS also allows the user to parameterise and run some models. Those models, as
mentioned earlier, are not highly demanding in terms of computation. The attempt of developing such
a prototype illustrated the restrictions of implementing numerical physical-flow models in real-time
applications. Mesoscale weather models used for simulating energy fluxes and pollutants are yet
highly demanding in computer power and user skills, and thus their implementation in the DSS is
difficult. A possible solution is to run those models off-line on powerful computer clusters for many
possible scenarios and then include the simulation results in a database, as in the case of BRIDGE DSS.
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Advances in numerical modeling, as well as in computer power, may allow more simulation models
to be embedded into DSS in the future.

5. Conclusions

Several studies have addressed urban metabolism issues but few have integrated the development
of methods for the combined analysis of fluxes between a city and its environment and the
implementation of numerical tools for the assessment of planning alternatives, based on environmental
and socio-economic indicators. The BRIDGE project integrated bio-physical observations with
socio-economic data to evaluate PAs and thus addressed and jointly examined the three components
of sustainability: environmental, social and economic.

The main outcome of BRIDGE was a spatial DSS. Therefore, the GIS technology was fully exploited
to integrate all datasets, to analyse the various spatial entities, to prepare the inputs for the physical
flow models and the decision making algorithms, to store the results and to visualise them. A MCE
method was implemented in the GIS platform on which the PAs evaluation was based, providing also
the option to explore the behavior of PA in extreme future scenarios. In addition to the MCE results, a
cellular automata module was also integrated in the system, as a GIS application, allowing the user to
estimate the impact of each PA on future land use arrangements in the broader geographical area.

The evaluation of the performance of each PA is based on the relative importance ascribed to
each objective by the end-user, facilitating the integration of public concerns into decision-making.
The BRIDGE DSS enables end-users to evaluate several urban PA based on previously defined
sustainability objectives and indicators, by examining how each PA modifies specific urban metabolism
components (energy, water, carbon and pollutants fluxes) towards sustainability. The developed
decision methodology allows evaluation of a set of different alternatives, given different planning
priorities. In this way, it enables quantified estimates of the effects of different combinations of planning
objectives on different alternatives, promoting informed decisions.

The tool has therefore the potential to support sustainable urban planning by informing and
enhancing planning processes through the detailed quantitative assessments of environmental aspects
of a pair with socio-economic considerations. Although, further development of the tool is necessary
until it reaches an operational state, it has great potential in supporting planning decisions accounting
for urban metabolism, even in low-income cities where sustainability is critical to the provision of
basic services. In this case, it can be used to support qualitative estimations of the impact of different
planning alternatives, based on assumptions on the modifications they cause to energy, water, carbon
and pollutants fluxes.
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Abstract: To foster sustainable regional development, many regions rely on innovations. To safeguard
the generation of innovations and their market introduction, companies have increasingly used
technology roadmapping and open innovation. The project INNOrural (Innovations for sustainable
rural development) expanded these concepts by applying them to regions. This led to the rise of the
“Regional Open Innovation Roadmapping” framework for innovation-based regional development
(ROIR). This framework was tested by conducting two innovation roadmapping processes in the
model region of Märkisch-Oderland (MOL), Germany: the certification of regional wood fuel and the
establishment of a competence center for precision farming technology. Both innovation ideas were
selected during the roadmapping process by applying a sustainability assessment. After 12 months,
two complete roadmaps were ready for implementation. Key principles of ROIR were identified,
including the use of a clear and replicable sustainability assessment method, the involvement of all
relevant stakeholder groups in the early process and the cooperation between regional and subject
experts. Generally, the broader adaptation of ROIR for additional regions will be useful. Nevertheless,
the ROIR processes need to be evaluated in depth to develop a better understanding and to provide
evidence of the benefits and limitations of this approach.

Keywords: sustainable regional development; land use governance; regional stakeholder
involvement; precision farming (PF); wood fuel; technology roadmapping (TRM); open innovation
(OI); Germany

1. Introduction

Competitiveness often depends on the successful development of innovations and their
introduction to the market. This applies to companies, business sectors and certain regions, as well.
In addition, due to sustainability issues raised by regional developments, innovations are becoming
more important [1,2]. This can be described as innovation-based regional development and applies to
both industrialized countries and emerging states [3–5]. Currently, innovation is a key issue in regional
development programs, such as the European RIS (Regional Innovation Strategies)/RITTS (Regional
Innovation and Technology Transfer Strategies and Infrastructure) and LEADER (Liaison Entre Actions
de Développement de l’Économie Rurale) and the German federal program, INNOregio (Unternehmen
Regionen) [6–9]. Since the launch of RIS and RITTS in the early 1990s, the idea of innovation as a
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regional necessity and motor for sustainable development has been recognized. In numerous European
regions, the European Commission aimed for the regions to develop their own innovation strategies
and improve their innovation support infrastructure under the terms of “appropriate innovations”.
Thus, the link to recent programs, initiatives and projects on regional innovations was provided,
which also incorporated a strategic and analytic approach and the inclusion of a broad range of
stakeholders. Generally, safeguarding the development and introduction of inventions on the market
(innovating as an implementation process) requires systematic approaches, such as project planning,
participatory rural appraisal or regional foresight. Nowadays, foresight has become an established
instrument of regional policy [10] and RIS [11]. Foresight is defined as “a systematic, participatory,
future intelligence gathering and medium-to-long-term vision building process aimed at present-day
decisions and mobilizing joint actions” [12] (p. 3). To this end, many foresight projects use a kind of
“knowledge triangle”, meaning the cooperation of the representatives of the research, education and
innovation spheres [13]. In the EU, regional foresight is used frequently for regional development,
e.g., for exploring capacities and identifying needs (U.K., North West region) [14], identifying societal
needs and patterns of the evolution of emerging technologies (Italy, Lombardy) [15], analyzing social
change and its impacts (Germany, Rhineland Palatinate) [16], stimulating regional innovation and
strengthening the regional economic system against global competition (Italy, Trento) [17]. Lately,
the European Commission has made efforts for a more comprehensive use of foresight approaches
within the EU. Under the Research Framework 7 program, the European Foresight Platform (EFP)
aims at supporting future decision making [18].

From a foresight point of view, technology roadmapping (TRM) can be seen as a means
to transact regional innovation or foresight projects, as depicted by Kindras et al. [10] in their
example of the Samara region (Russia). TRM derives from a business- and technology-driven
perspective, being a tool that supports the planning and coordination of development processes
and the introduction of innovations to the market [19–22]. TRM is a flexible technique that can be used
for a wide range of situations. It provides a structured and often graphical means for exploring and
communicating the relationship between evolving and developing markets, products and technologies
over time [23–25]. In a broader sense, TRM covers the whole range of roadmapping that addresses
technology, products, processes, market drivers, technical skills, projects, etc. [23]. Even though it
is frequently used by a broad spectrum of firms and business sectors, the research in this field is
relatively sparse [26]. Furthermore, it has not been widely applied to geographical issues and regional
sustainability. Only a few studies have dealt with the elements of TRM in urban or regional contexts.
Van den Bosch et al. [27] applied a bottom-up approach to generate a roadmap for the Rotterdam case
study of the transition to a fuel cell transport system. Another study by Lee et al. [28] introduced
an integrated service-devices-technology roadmapping process for smart city development in Korea.
In the Samara case study, scenarios were integrated into a roadmap to identify innovation potentials
for strategic decisions [10]. The adoption of TRM for open regional development strategies with a
strong consideration of the region’s potentials does not yet exist. This gap has not been identified in
the TRM literature nor TRM review papers (cf. [29]). In addition, Caetano and Amaral [30] found that
there are only a few proposals for partner selection and participation methods in roadmapping.

The openness of innovation processes for external expertise, which includes the broad
participation of stakeholders, is part of the open innovation (OI) approach. Opening up innovation
processes purposely for additional knowledge and ideas from outside has become an important
strategy for leading industries to cope with changing environmental conditions and to compete
effectively in the market [31,32]. The OI approach can be defined as “ . . . the use of purposive inflows
and outflows of knowledge to accelerate internal innovation, and expand the markets for external
use of innovation” [33]. It includes not only the opening of external knowledge at the initial stages of
the innovation process, but also the continual participation of internal and external stakeholders at
all stages. OI is closely connected with establishing and using organizational networks and benefits
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from cooperation with customers, suppliers, research institutes and teaching institutions to enhance
the innovation capability of an organization [32].

In addition to the main focus of OI on a single firm level, some studies have focused on OI in
a regional setting. Schaffers et al. [34] explored business models to launch living labs for rural and
regional development. Due to the close cooperation of users and technology providers, the living
lab concept is strongly linked to the OI approach. In EURIS (European Collaborative and Regional
Open Innovation Strategies) [35], a recent European project, OI strategies are used to open regional
innovation systems and to enhance the innovation ecosystems of various European regions. Belussi et
al. [36] investigated the existence of an Open Regional Innovation System in Emilia Romagna (Italy) to
show how firms adopt the OI strategy in order to overcome firm and regional boundaries.

One proposal to merge TRM and OI has been recently elaborated by Caetano and Amaral [30].
The authors adapt roadmapping to open innovation environments by building a method that is
applicable for organizations (primarily SMEs) that pursue technology to push innovation strategies.
However, this paper assumed that the integration of the open innovation strategy and the TRM
approach could be powerful for seeking sustainable open regional development. From the benefits
of integrating the two approaches, the INNOrural project created the methodological framework,
Regional Open Innovation Roadmapping (ROIR). ROIR is designed to utilize the innovation potentials
of a region for its sustainable development and to maximize the prospect of innovation success.

This paper demonstrates how TRM and elements of OI were combined to form the approach
ROIR. It examines the hypothesis that ROIR is able to provide a suitable framework for safeguarding
innovation-based regional development projects. The application of ROIR and the development
of its processes are illustrated by two case studies in the German region of Märkisch-Oderland
(MOL), which tested the approach in practice and examined its advantages and difficulties. Both
roadmapping processes concern non-technical or so-called social innovations in order to promote
regional sustainability, in which the first addresses the development and certification of a supply chain
for wood fuel and the second addresses the implementation of a competence center for precision
farming technology (PF) for the state of Brandenburg in the same region. Both innovation examples
are often seen as promoters for the sustainable use of natural resources, such as wood fuel, e.g., saving
non-renewable energy sources and reducing greenhouse gas emissions [37,38], and PF, e.g., reducing
the application amount of chemical fertilizer by adapting fertilization to local field conditions [39–42].
Furthermore, this paper shows the added value offered by ROIR for sustainable regional development.

2. Methodological Framework

The integration of open innovation elements in technology roadmapping (TRM) in the context
of sustainable regional development is called Regional Open Innovation Roadmapping (ROIR). This
framework was designed and tested in the INNOrural project. Its emphasis shifts from the roadmap
as a graphical product for the developing process of the roadmap [29]. In terms of the organization,
communication work during the roadmapping process is usually a more important output than the
final roadmap [26,27].

Following Chesbrough et al. [33] on OI and Phaal et al. [23] on TRM, ROIR can be defined as a
strategic innovation planning process (“strategic roadmapping”) (cf. [21]) in which a roadmap for
future innovation opportunities or a specific innovation is developed. Thus, the planning process
describes in advance all phases of the entire innovation development chain, including R&D, prototype,
implementation/mass production and market introduction in detail and usually in diagrammatic form.
ROIR uses purposive in- and out-flows of knowledge to increase the internal innovation capability
of the organization and to expand markets for the external use of innovation. The roadmap chart
(the outcome of the process) is a time-based chart, covering a number of layers and including both
commercial and technological perspectives (“multi-layer roadmap”) [23]. Both the planning process,
as well as the roadmap incorporate the following three groups of contributors (Figure 1):

(1) Internal contributors, which are in-house departments, like R&D, marketing, sales, controlling;
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(2) External contributors, which are partner organizations, like trading partners, public authorities;
(3) Relevant stakeholders, such as single citizens and interest groups, which could be affected directly

or indirectly to some extent by the development and/or market introduction of innovation.

Figure 1. Contributors to the innovation process.

ROIR uses a high level of expert knowledge. Experts are defined as individuals possessing
an advanced knowledge in limited areas and having the capability to think strategically on a
meta-level [43]. One defining characteristic of the ROIR process is the cooperation between regional
experts (representatives of stakeholder groups that provide deep knowledge on all matters concerning
the region) and subject experts (individuals qualified to contribute additional expertise to the
development and launch of the innovation, who are not necessarily from the region).

OI processes can generally be initiated in two ways: by self-recruitment and by
recruitment-by-invitation. For INNOrural, recruitment-by-invitation was chosen, because the aim was
to create and test an easy-to-use approach that could be conducted anywhere with minimal resources
(time, money and staff). In recruitment-by-invitation, only representatives of stakeholder groups
that are relevant to the process are invited to take part. The main advantage is the greater efficiency
of gathering a few dozen people instead of a hundred or thousand and building and maintaining
a communication process with the participants. The main obstacle is the identification of relevant
stakeholder groups, which has led to the opposition of the groups not invited. Failing to identify
relevant stakeholders may result in a lack of legitimation. Therefore, particular attention should be
made to carefully select representatives of stakeholder groups.

Additionally, the project launched a web-based discussion platform for open innovation processes.
This interactive platform was open for all stakeholders and citizens at any time, where people could
inform themselves about the current project status and contribute their own ideas.

In the literature, the suggested roadmapping processes differ regarding the number of included
phases, which range from three [25,44] to eight [28]. However, at a minimum, most roadmapping
processes are composed of the following three main steps: preliminary activity, development of TRM
and follow-up activity [28]. The INNOrural project adopted this proceeding to its specific conditions
and requirements by structuring ROIR in four phases: (1) identification of regional experts; (2) selection
of regional innovations (The “subject experts” are missing in Figure 2, because at this stage of the
process (Phase 1), the “regional experts” had to decide upon possible innovations. The “subject
experts” were invited in Phase 3 to contribute to the specific, now selected innovations); (3) the
regional innovation concept; and (4) the roadmap as a product of the process (Figure 2).
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Figure 2. The ROIR process.

3. Model Region, Märkisch-Oderland District

The district of Märkisch-Oderland (MOL) in Brandenburg State was selected to serve as the
study region. This state is located in the eastern part of Germany, surrounding the capital, Berlin.
Before reunification in 1990, it was part of the German Democratic Republic. Studies have shown
that Brandenburg is stagnating at a low level with respect to R&D activities, patent applications,
competitiveness and economic growth [45–47]. The district of Märkisch-Oderland (MOL) within this
state is located east of Berlin and borders Poland to the east. The peri-urban part of the district next to
Berlin is home to business and industry, whereas the eastern rural area is mainly agricultural land. In
2008 (the decision to select MOL as the research area was made in 2009 on the basis of these up-to-date
data of that time), the GDP per person was 15,000 EUR, which is approximately half of the average
GDP for Germany (28,200 EUR) and below the average level of Brandenburg (19,700 EUR) [48]; this
indicates the rather poor economic situation of the district. MOL has the highest unemployment rate
in Brandenburg (in 2008, its rate was 13.5% versus the national rate of 12.0% [48]). In the rural part of
the district, the unemployment rate in 2008 was nearly three-times higher than the rate in peri-urban
Berlin [49]. The economic potential and future perspectives of the district were estimated to be rather
weak. In a 2008 ranking of 439 regions in Germany, MOL held the 379th position, which is a slight
increase of 21 ranks compared with a 2004 study [50]. Using the typology created by Muller et al. [51]
to describe regional innovation capacities in Europe’s new member states, Märkisch-Oderland can be
categorized as an E-region, a lagging agricultural region with a relatively underdeveloped economy
and structural problems linked to the loss of systemic integration.

Similar to the rest of Germany, precision farming technology (PF) (Precision farming technology
is an information-guided management concept in plant production, which allows a precise and
site-specific cultivation. It is based on satellite-supported positioning systems, GPS and sensor
technologies. PF includes automatic data collection and processing, track guiding systems, site-specific
techniques, fleet management, field robots, etc.) in MOL failed to penetrate the market, stagnating
at approximately 9% of the national market (cf. [42,52]). Compared to the U.S. and other European
countries, such as Denmark, the U.K. and Sweden, the adoption rate of precision farming technologies
in Germany has been relatively slow [53–55]. Experts have stressed the advantages of this technology,
but farmers have been difficult to convince.

Another example is the bioenergy region initiative. MOL joined the federal funding program
to establish bioenergy within the region based on wood fuel. Despite strong efforts, the region had
difficulty convincing consumers of the benefits of wood fuel.

4. The Regional Open Innovation Roadmapping (ROIR) Process in the INNOrural Project

The overall project INNOrural lasted two years. The ROIR process described below took
twelve months.

4.1. Phase 1: Identification of Regional Experts (Three Months)

The first phase started with extensive literature research about the study region to understand
its socio-economic structure, eminent branches, authorities, organizations/unions, networks, citizens’
initiatives, topics of main discussions in the region and its parliament and existing and failed initiatives
of regional development. This preliminary research laid the foundation for over 20 interviews that were
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conducted to obtain more in-depth insights and understanding. After the first phase, 18 people were
selected as regional experts. The number of people selected depended mainly on three factors: (1) size
of the region; (2) complexity/heterogeneity of the region, i.e., the number of different stakeholder
groups; and (3) the structure and character of the region. Additionally, the decision concentrated on
the most legitimate regional experts, either by election or qua office. Due to the rural and agricultural
character of MOL, the majority of the regional experts had an agricultural or land use background. The
selected regional experts were from the county’s office for agriculture, the department of the state’s
ministry for agriculture, the farmers’ association, the horticultural association, the local natural reserve,
environmental associations, the chamber of industry and commerce and a federal agricultural research
institute located in the region.

4.2. Phase 2: Selection of Regional Innovations (Three Months)

The second phase marked the beginning of roadmapping and consisted of two day-long
workshops. The first workshop served as a kick-off to explain and discuss the ROIR approach
with the regional experts selected in Phase 1. Following the approach of Phaal et al. [19] and Phaal
and Muller [26], INNOrural aimed at answering the following three questions: (1) where are we now;
(2) where do we want to go; and (3) how can we get there? The answer to the first question is mostly
based on an intensive situation analysis, for instance involving “strengths, weaknesses, opportunities,
and threats” (SWOT) [56]. Because all of our experts were very familiar with the situation of the
model region, the situation analysis would have provided only a minor effect in making implicit
knowledge explicit. Moreover, it would probably have limited the process to solutions close to the
framing conditions. To be more effective and to find more creative innovations, the situation analysis
step was skipped. The first workshop included a brainstorming session in which 32 innovation ideas
were generated that seemed to be most suitable for MOL (Appendix 1). The innovation ideas covered
a wide spectrum, including air boats, theme-oriented tourism, new greenhouse technologies, regional
food, green energy, municipal solar collectors, precision farming technology and a wood fuel value
chain. Some had been in discussion in the region, but never gained momentum.

Following the first workshop, a so-called inter-phase before the next workshop was used to assess
the collected 32 innovation ideas in terms of their contribution to sustainable regional development.

Thus, the regional experts were asked to perform an impact analysis of the suggested
32 innovation ideas in written form, using the EU SENSOR (Sustainability Impact Assessment: Tools
for Environmental, Social and Economic Effects of Multifunctional Land Use in European Regions
framework and the ex ante Sustainability Impact Assessment Tools (SIAT) [57]. Table 1 shows this
procedure for “wood fuel”.
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Table 1. Sustainability impact factors for the innovation “wood fuel” (n = 18) [58].

Main Goals Aims
Weighting

Factor
Rating of the
Inno-Vation

Impact
Factor

Economic goals

Positive employment effects
Strengthening the attractiveness of
the region as tourist destination
Strengthening the attractiveness of
the region as business location
Economic cooperation/networking
Creation of a unique selling
proposition (USP)
Advantage in competition
Net value added
Technical feasibility

4.55 0.87 3.96

Ecologic goals

Further ecologic development of
landscape and agriculture
Cooperation between
landowners/land users and nature
conservancy
Resource conservation

2.18 0.67 1.46

Social goals

Strengthening of identification
Potential for settlement of conflicts
Acceptance
Strengthening the attractiveness as
lebensraum
Range of the innovation
Education and training measures
Promotion and maintain the
cultural heritage

2.27 0.43 0.98

First, the 18 regional experts disposed each of the nine points on the three main goals regarding
sustainability aspects (economic, ecologic and social), then calculated the arithmetic mean of expert
ratings. Table 1 shows that the economic goals gained had a mean of 4.55, a much higher rating than
mean social goals of 2.27 and mean ecologic goals of 2.18.

Secondly, each expert selected three favorite innovation ideas out of the list of 32 and estimated
how likely each idea would meet every single aim (i.e., minor goals, like “positive employment effects”)
using a rating scale from +2 (“very likely to meet aim”) to −2 (“very likely to not meet aim”). The
estimations were summed and averaged to determine the result ratings for every assessed innovation
idea relating to the three main goals. As the second column of Table 1 notes, the innovation idea “wood
fuel” rates higher economically (0.87) than it does ecologically (0.67) or socially (0.43).

For this work, the impact factor is the product of multiplying the ratings with the weighting
factors (cf. [26]). Thus, “wood fuel” reached 3.96 in terms of economic goals, 1.46 ecologically and
0.98 socio-economically. Summing up the three impact factors yields the total impact factor for every
proposed innovation. This approach gave “wood fuel” an impact factor of 6.4.

All of the results of the impact analysis were re-distributed to the regional experts within the
inter-phase to be used to determine their favorite.

In the second workshop, the stakeholders selected two ideas to be developed in the further
roadmapping process. Initially, they decided to concentrate on the four highest ranked ideas (Figure 3).
In an intensive discussion, the pros and cons of every idea were deliberated. After a feasibility check
by the regional experts, two ideas were selected for the further roadmapping: (1) “certification of
wood fuels”; and (2) the “establishment of a competence center for precision farming technology”.
Tourism networks were not considered, because their main representatives were unable to attend the
roadmapping process continuously. This exemplifies the importance of stakeholders and their selection
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for the outcome of the overall process. The fourth innovation idea, participative water management,
was dropped due to changing general political conditions regarding the subject.

Figure 3. Selection of innovation ideas by impact factor and mentions (n = 24) [58].

4.3. Phase 3: Regional Innovation Concept (Six Months)

The concept phase marks the central unit of the roadmapping process. Since the regional experts
chose two innovations, both roadmapping processes were conducted simultaneously during this
phase, providing the opportunity to draw comparative conclusions for both. Due to space limitations,
only the roadmapping for certification using wood fuel as an example will be described in detail for
Phase 3. Additionally, the main differences from roadmapping for “establishing a competence center
for precision farming technology” will be discussed in the following section.

Since a roadmapping process aims at responding to the main triggers that obstruct or promote
innovations, the concept phase laid out first focuses on the identification of those main triggers for
the introduction of certified wood fuel in MOL. To do so, additional knowledge about marketing and
market research was needed to complement the expertise of regional experts. This was provided
by so-called “subject experts”, who were scientists and consultants on regional development and
marketing attending the third workshop. Together with the regional experts, they identified three
main obstacles for potential consumers to respond to in a regional market for wood fuel: (1) lack of
awareness of wood fuel as a heating alternative; (2) insecurity of the wood supply; and (3) insecurity
of prices.

To overcome these problems, the regional stakeholders decided to establish a coordinated regional
supply chain and an individual certificate for regional wood fuel from the region of MOL. This was
initiated to address the identified triggers in order to provide more reliable information for consumers
on all aspects of wood fuel heating, to guarantee a continuous supply of wood and to ensure predictable
and stable prices.

For the certification, stakeholders from all stages of the supply chain convened at the fourth
workshop, including forest rangers, wood processors and energy consultants. An additional pool of
subject experts was provided by the national network for wood fuel. The subject experts contributed
their subject-based expertise to the development and launch of the innovation. Together with the
regional experts, they provided the core set of expertise for the roadmapping process.

In the beginning, the regional experts decided on the institutional frame for implementing
certification at the end of the roadmapping process. This is a crucial turning point during any
roadmapping process, because the regional experts need to commit and take responsibility for the
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outcome of the process. Roadmapping processes will fail inevitably if a formal structure is not created
for implementing the roadmap. At this point, key people will develop an eminent role, often serving
as the “crystallization point” that the necessary structure will evolve around. Luckily, a key person
emerged during this phase. The regional experts of wood fuel agreed to the commission of the existing
bioenergy agency of MOL as the organization for the implementation phase.

Now, the main question was whether to join an existing certification program for biomass fuel,
such as the “Forest Stewardship Council” (FSC) [59] or the “Programme for the Endorsement of
Forest Certification Schemes” (PEFC) [60], and to adapt these programs to the region’s purposes or to
create an independent label with its own criteria. The situation and the possibilities were discussed,
assisted by the input of two certification consultants. The ultimate decision of the experts and supply
chain stakeholders was to establish an independent label. Certifying authorities should be the biofuel
network, since the energy agency was basically a product of the network and dependent on state
funding (the bioenergy region program). The possible objectives of such a label were specified,
discussed and ranked by the regional experts using a rating scale from +2 (“very relevant objective”) to
zero (“irrelevant objective”) (Table 2). Thus, the region of origin, the physical quality and the security
of supplies were regarded as most essential.

Table 2. Ranking of objectives for the certification of wood fuels (n = 18) [58].

Rank Mean Aims

1 2.0 Region of origin
2 1.8 Physical quality
3 1.7 Security of supplies
4 1.7 Sustainability (economical)
5 1.4 Sustainability (ecological)
6 1.3 Control and warranty
7 1.2 Sustainability (social)
8 1.1 Publicity of regional products
9 1.1 Transparency
10 0.9 Costs of certification

The fifth workshop was designed to formulate a more precise concept to implement the objectives.
In order to assess the achievements of the objectives, both expert groups (regional and subject experts)
set up concrete indicators. The objective “region of origin” was therefore underpinned by the obligation
to offer a minimum of 50% region-based raw material. “Physical quality” had to be assured by
using legal classification, and the “security of supplies” was provided by long-term contracts and
security supply storage. In particular, physical quality, the security of supply and social sustainability
evoked controversial discussions. However, all of the issues were successfully resolved by the end of
the workshop.

In the following interphase, different expert subgroups developed parts of the certification statutes,
applying the set up indicators to different parts of the supply chain, like wood processors or energy
consultants, going in-depth to solve the last questions, i.e., how to maintain the security supply storage
or how to secure supplies when streets are blocked due to hard winters. Solutions to all questions
were then merged in the sixth workshop. Certification consultants accompanied this process with a
consistency check to ensure that all parts would work flawlessly together during the implementation.
The last step focused on marketing the certificate.

All regional experts then agreed on the final product, a concise roadmap to introduce and
communicate the certification of wood fuels in MOL (Figure 4). The focus was on three products:
wood chips, split logs and heating installation. Since a pellet-producing facility does not exist in MOL,
this market could not be addressed by individually certified products. The remaining steps concerned
the registration at the German Patent and Trademark Office in Munich and certification of the first
supply chain members.
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4.4. Phase 4: Roadmap (One Week)

The final assembly was under the patronage of the political district administrator and all of the
participants of the two INNOrural processes gathered together. Regional experts, subject experts and
additional consultants presented both roadmaps for the region of MOL. Hereafter, the organizations
commissioned to carry out the implementation of both roadmaps introduced the implementation plan
to the public and the press to obtain broader impact, e.g., to convince both consumers and companies
of the benefits of certified wood fuel. In the afternoon, the experiences and outcomes of ROIR were
discussed. All of the participants agreed that ROIR had helped them select and plan innovations they
considered to be highly useful for their region. Without ROIR, the same result would not have been
achieved due to the lack of know-how and manpower to organize the process.

4.5. Comparison to Precision Farming Roadmapping

The second roadmapping process concerned the “establishment of a competence center for
precision farming technology” (Table 3). The objective was to promote the new farming technologies
in Brandenburg State. The installation of a competence center was considered crucial to overcome
the following implementation obstacles for farmers: (1) lack of information regarding the range of
products, profitability and constraints; (2) lack of practical skills; and (3) lack of support. Due to high
investment costs, most farmers had not been introduced to the new technology.
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In contrast to wood fuel roadmapping, an efficient stakeholder network for precision farming did
not exist in MOL. Single stakeholders had to be identified and convinced to help build a network of
farmers, technology developers, industry representatives, farm consultants and a national agricultural
research institute to be located in the region. They agreed on designing a roadmap for a three-year
pilot phase. This roadmap laid the basis for a project proposal to request financial support from the
European LEADER program for installing the competence center. Its purpose will be to disseminate
knowledge about precision farming technologies throughout Brandenburg State. In contrast to the
wood fuel process, the implementation of the precision farming roadmap relied on outside funding.

Table 3. Comparison of both roadmapping processes (“wood fuels” and “precision farming”).

Criteria Wood Fuels Precision Farming

Objective
Promotion of wood fuel as a heating
alternative by establishing a regional
supply chain certificate for regional wood

Promotion of new farm technologies by
establishment of a competence center
for precision farming technology

Target group Consumers Farmers

Identified obstacles

Lack of awareness of wood fuel as a
heating alternative
Insecurity of prices
Insecurity of supply

Lack of information
Lack of practical skills
Lack of support

Initial situation Stakeholder network existed No stakeholder network existed

Key stakeholders
Forest rangers
Wood processors
Energy consultants

Farmers
Technology developers
Industry representatives
Farm Consultants
National agricultural research institute

Workshops

Six
(kick-off, selection, main obstacles,
institutional frame, implementation
concept, presentation of roadmap)

Six
(kick-off, selection, main obstacles,
institutional frame, implementation
concept, presentation of roadmap)

Implementation
obstacles None Dependence on outside funding

Implementation Successful Successful

In both roadmapping processes, specific key regional experts were essential for their success.
These individuals strongly believed in the innovations and were economically connected to the
outcome. Their attitude also stimulated others to join the process. A careful identification of
stakeholders therefore proved to be one of the major success factors.

Both roadmapping processes were supported by external moderators and scientists with process
competence. This helped the stakeholders concentrate on their issues without being side-tracked. The
moderators added an outside perspective and addressed neglected topics.

5. Discussion

Generally, the ROIR approach is based on an innovation-oriented regional development
perspective, which has a long tradition in the European policy. In the 1990s, the broadly aligned
EU programs for innovation-oriented regional development RIS and RITTS were implemented in
numerous European regions. The objective of RIS was to build partnerships among key innovation
actors and to draw up regional innovation strategies. The early contribution of RIS/RITTS to innovation
has been recently extended to EU strategic and funding instruments, such as the Structural Funds
under RTDI (Research, Technological Development and Innovation) priorities [61], as well as in further
regional innovation activities and externally founded projects, such as EURIS [35]. The mentioned
objectives of the RIS/RITTS initiative represent a crucial link to the INNOrural project.
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Comparing ROIR with regional foresight, many similarities can be found, e.g., regarding
objectives, issues and methods. Kindras et al. [10] stated that innovation in regional foresight interlinks
all types of factors and actors, aiming at creating a network among key actors of regional innovation
systems (mainly firms, research organizations, public institutions, financial companies and technology
intermediates). This fully applies to ROIR, as well. However, there is also a significant difference
between the two approaches. Regional foresight aims at identifying future innovation potentials and
development priorities for strategic decisions in regions [10,15,17], whereas the ROIR process is more
implementation-oriented by intending to start and realize innovation activities.

Regional foresight studies use different methods, such as expert panels, group discussions,
scenarios or, in rare cases, roadmapping [10,62]. In the Samara case study, regional experts were
involved to build scenarios and integrate these scenarios into a roadmap (cf. [10]). In ROIR, the experts
not only served to identify regional targets for socio-economic development, but also assessed the
sustainability aspects of innovative ideas. The ex ante sustainability assessment in ROIR determines
which innovative idea will be pursued.

An interesting framework that considers open innovation and tries to find solutions to cope
with regional problems and to foster regional development is the living labs concept, which was
examined in the C@R (Collaboration and Rural) project [34]. Further similarities between ROIR
and living labs are the openness for a broad range of stakeholders, the partnership and network
creation and operation across different development stages, the detection of potential future business
or innovations and the feasibility analysis of inventions. However, living labs is seen as a more
user-centric approach. Furthermore, the living labs approach provides less guidance, such as a
business plan for implementation and a standardized methodology. Thus, instruments and forms of
participation are not clearly defined. Through the application of the TRM approach, ROIR provides a
strategic and structured methodology that is relevant and helpful for the transferability of the approach
to other regions

Regardless of its final implementation, the ROIR process and the final roadmap was highly
appreciated by the participating stakeholders. It allowed stakeholders to reflect on their respective
situation and options regarding sustainable regional development and in the face of new challenges.
Van den Bosch et al. [27] (p. 1033) stated that their roadmapping approach “facilitated interaction
between stakeholders, which not only made it possible to formulate a common vision, but also
helped in developing new relationships between different stakeholders.” With ROIR, new cooperation,
networks and even a wood supply chain were established. Lee et al. [28] also confirmed that
roadmapping contributes to the formation of stakeholder networks. Currently, the open innovation
strategy is being considered for building and reinforcing strong networks [35]. What made the
INNOrural project special was that it fell back on existing networks. Thus, existing innovation ideas
and inventions were continued, refined and, to a certain extent, realized.

Generally, roadmapping offers various opportunities regarding the methodology [28,29],
but workshops and interviews with experts or stakeholders are very common [10,19,26,27].
The development of innovation in regional contexts can only be successful with collective action
from different stakeholders. Van den Bosch et al. [27] confirmed this in their case study and underlined
that it is crucial to obtain the commitment of stakeholders.

ROIR provides a framework for communication within the region and across regional boundaries
by allowing actors and stakeholders of a region who had rarely met to now get together to recognize
and find ways to solve their problems. External experts bring specific subject expertise and experiences
from other regions into the discussion. Regarding smart city development, Lee et al. [28] stated
that with the integration of participation methods (e.g., workshops, interviews and surveys), the
roadmapping process becomes a communication platform for knowledge exchange on the city and
inter-city levels.

Often, roadmapping processes are regarded as time-consuming and expensive, especially when
using participatory methods. Nonetheless, strategic planning, like TRM, aims at saving the time and
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resources of companies and organizations in the long run. Within the wide range of TRM approaches,
some use more basic and easy-to-adopt methods, like the fast start method [23]. ROIR is also designed
as a lean, easy-to-use and manageable process for conducting expert workshops as a key method
within the roadmapping process. The use of less complex methods, such as expert panels and group
discussions, is also seen as beneficial in regional foresight studies (cf. [10]).

The ROIR framework may appear to be rather simple, but this simplicity is one of its advantages:
it helps to increase transparency about the process and the results among all participants; and it can be
used by non-experts, which is a precondition for a wider application in other regions. It is theoretically
an interdisciplinary effort placed into the context of its primary concept, TRM. Nonetheless, most
applications still remain confined to a specific sector [20] and/or companies [29]. ROIR, however,
overcomes these limitations, because it is interdisciplinary, trans-sectoral and, to a certain extent,
trans-regional. On the one hand, this offers different “cultures” to approach challenges, which can
complement each other. On the other hand, cultural differences can cause difficulties, especially in
the starting phase. All participants need to find their role within the process and to agree on norms
and rules [63]. Stakeholders of a larger region are by far more heterogeneous than those of any
particular business sector. Therefore, these first phases are crucial for overall roadmapping and require
much more attention. TRM is mainly about technological innovations for technological problems.
In contrast, ROIR for sustainable regional development also addresses non-technical, so-called “social
innovations”, i.e., the build-up of networks or supply chains under consideration of sustainability
aspects. These mainly focus on transactions [64,65]. Such transactions require special explanatory
efforts, because they are intangible (as opposed, for instance, to the construction of an engine or a
building). This intangibility is one reason for the widespread underestimation of social innovation
potentials and for the difficulties in funding those approaches.

To gain legitimacy within the region, ROIR must provide transparency, comprehensibility and
rationality about (1) the procedure and methodology within the roadmapping process and (2) the
selection of stakeholders and experts:

(1) Regarding the procedure, INNOrural used a clear and reasonable method to assess the
sustainability of innovation ideas, which consider ecological, economic and social aspects. This
method was applied in alignment with the ex ante Sustainability Impact Assessment Tools (SIAT)
for land use in European regions [57].

(2) Regarding the selection of stakeholders, the process must also be open to supplemental
stakeholders and recommendations from outside during the process. In INNOrural, this was
achieved by integrating external experts (so-called subject experts) and providing a web-based
communication platform. Supporting staff (e.g., external moderators and scientists) should be on
hand for at least some time during the implementation phase to provide continuity.

In regards to the role of the researcher in this study, the developed project methodology can
be seen as a form of action research, in which the researcher facilitates the roadmapping processes.
Van den Bosch et al. [27] also conducted action research and stated that the researcher therefore has
influence on the process. From this finding, the authors conclude “that there might be a role for
universities and other independent knowledge institutes in mobilizing stakeholders in early stages of
innovation processes.” [27] (p. 1035).

6. Conclusions

TRM and OI are broadly used to safeguard the development and market introduction of company
innovations. ROIR merges the benefits of both approaches and applies them to the regional scale
as a tool to provide innovation-based regional development that includes an ex ante sustainability
assessment of innovation ideas. This approach was used to identify promising innovation ideas with
regard to sustainable regional development and to test these in two parallel roadmapping processes in
the economically stagnating region of Märkisch-Oderland (MOL) in Germany. The two roadmapping
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processes are the certification of wood fuel and the establishment of a competence center for precision
farming technology. Both processes lasted twelve months each.

Methodologically, ROIR provided a systematic approach to overcome obstacles in the innovation
process for the implementation and diffusion of innovations. It helped to address high complexity in an
easy-to-use procedure, even by stakeholders not familiar with this process. Some of the main aspects
of ROIR to support success are the inclusion of all relevant stakeholder groups early on in the process
to portray the heterogeneity of the region and the cooperation between regional and subject experts to
provide the core set of expertise that is indispensable for an open roadmapping process to succeed.
Furthermore, the identification and inclusion of key individuals, the use of existing networks and
structures and the use of external facilitators to support the process were helpful in the RIOR process.

From the case study perspective, both ROIR processes seem to be successful. The certification of
wood fuel value chain and the installation of a precision farming competence center for Brandenburg
State both made the step from plan (roadmap) to reality within three years. The wood fuel value chain
has been attracting a rising number of participants. Now, a majority of companies concerned with
wood fuel within the study area hold certificates, gaining a market coverage from 25% (wood sticks)
to more than 50% (energy consultants and installation). Following the ROIR, the establishment of a
competence center for precision farming technology was provided with an EU LEADER program fund,
supporting the competence center and twelve demonstration farms for five years.

Generally, a broader adaptation of ROIR for additional regions will be useful, e.g., the ROIR
framework was applied by the ZFARM project (Zero Acreage Farming—Städtische Landwirtschaft
der Zukunft) [66] in an urban agriculture context.

Nevertheless, the ROIR processes need to be evaluated in depth to develop a better understanding
and to provide evidence of the benefits and limitations of the ROIR approach. Carvalho et al. [29] (p. 13)
already identified a gap in TRM research, in which the benefits of TRM were described “primarily
on the basis of the perceptions of the stakeholders who were involved” and were not measured
quantitatively. With the outcome of this evaluation, further research is recommended in regards to
larger and more complex regions or for more controversial innovations. The proposed evaluation, the
transfer to broader contexts and the generalizability demonstrate that ROIR may be a powerful tool
for sustainable regional development. On a case study level, the positive impact of ROIR was visible
and perceptible.
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Abstract: China has achieved rapid urbanization and unprecedented economic booming over the
past three decades. Numerous cities and towns dreamed of cloning the miracles of Shenzhen and
Pudong, Shanghai, in terms of their international development. However, inappropriate development
strategies have meant that the majority of fast expanding urban suburbs or newly developed towns
suffer a high ratio of vacant dwellings in real estate markets and a massive loss of farmland. The
frequent exposure of these empty cities to mass media or the public has urged urban governments to
impose fiscal austerity. These unexpected and negative consequences of urban development have
explicit conflicts with sustainability. This paper aims to provide a political economy view of these
unsustainable outcomes of new development. To achieve this, the processes and agendas of new city
or town planning in Wujin District, Changzhou City, are analyzed and evaluated from the perspective
of scale theory. Extensive interviews conducted with local politicians at different levels, planners,
real estate agents and local residents facilitate the interpretation of these processes and agendas. It is
argued that the legends of Shenzhen and Pudong, Shanghai originate from a modified neoliberal
capitalism intervention at the right time and place, with which other peer cities are not comparable.
It is concluded that the scaling-up strategy is not appropriate for the local new town development of
Wujin, which has led to unsustainable outcomes—empty cities and towns—and created important
lessons for the sustainable development of Chinese cities.

Keywords: scaling-up strategy; sustainable development; local new town; neoliberal capitalism;
Wujin; China

1. Introduction

Debates over scale theory have been actively discussed since the 1980s, including the extension
of its meaning from traditional mapping solutions to socio-spatial production in 1990s [1–3], and the
disputes between the horizontal vs. vertical scales of spaces and social entities [4,5]. Nevertheless, these
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debates do not agree that scaling-up strategies are extensively applied as panaceas in the restless tide
of urban development, urbanization movements and scale reformation in many newly industrialized
countries (NICs) in the context of globalization or internationalization [6,7]. It is certain that China,
as a protagonist of this arena, has undoubtedly been proficient in applying these strategies to pursue
fast urbanization and fascinating economic growth in the new millennium of the reform era [8].
Numerous cities and towns envisaged repeating the miracles of Shenzhen and Pudong, Shanghai
in their internationalization paths with sustainable development rationales, green technology and
aggressive scale reformation strategies [9].

However, inappropriate development strategies have led to the emergence of many socio-spatial
problems either in economic growth or in urban and regional development [10]. Within an urban
society, social differentiation and residential segregation have been deteriorating the system [11–13]
and separate housing and job spaces have exacerbated traffic congestion and produced serious air
pollution in these fast growing cities in China [14]. On the urban and regional scales, the majority of
fast growing suburbs or newly developed towns have suffered a high ratio of vacant dwellings in real
estate markets and a massive quantity of loss of farmland [15]. The frequent exposure of these empty
cities or towns to mass Media and the public [15] have urged their urban governments to impose
fiscal austerity. Undoubtedly, these unexpected and negative consequences of urban development
have explicit conflicts with sustainability, which is defined by PNAS as: “ . . . dealing with the
interactions between natural and social systems, and with how those interactions affect the challenge
of sustainability . . . meeting the needs of present and future generations while substantially reducing
poverty and conserving the planet’s life support systems” [16].

Therefore, it might be questioned what has contributed to the sharp contrast between the beautiful
boulevards, amazing daytime views and darkness of empty cities at night? What has contributed to
the contrast between urban fiscal austerity and fast urbanization? Why have these internationalized
cities or towns planned with sustainability rationales and equipped with green technology become
empty cities?

In sum, what have made the urban development strategies unsustainable in planning practice?
This paper unfolds the causes behind these questions from the perspective of scale theory. After this
introduction, Section 2 aims to give a concise review of the conception of “scale”, debates on the scale
theory and scaling-up strategies in the context of Chinese urban development. Section 3 focuses on a
study area and case study methodology. In Section 4, the practices of scaling-up planning of Wujin
City are analyzed at all phases and the unrealistic dream of scaling-up strategy is criticized, followed
by addressing a paradox regarding the unsustainability of green technology in this case.

2. Scale and Scaling-up in the Context of Chinese Urban Development

During the evolution of the conception and theories of Scale, there have been several well-known
theories in the published international literature, such as scale jumping [3], scale penetrating [17] and
scale overlapping [9], which provides a theoretical framework for analyzing the scale strategies in
neoliberal urbanization policy in China. Howitt (2003) [1] contends that “scale” is far beyond a single
definition, and has become a central theoretical process since 1980s. Other than the traditional definition
in cartography as map resolution, scale has been deeply involved into social production [4,18],
where scale is not understood as a hierarchy of environmental (or physical), social-economic and
cultural (e.g., body and home) activities but can be interpreted as the outcomes of these activities and
processes [18–20].

This definition of scale links to the ideology of social-spatial dialectic in which the social, economic
and environmental processes and spaces and their scales interweave mutually and interact with each
other in a causal direction [2,20]. Thus, Swyngedouw (2004) further pointed out in a historical
materialism view that the social, economic and culture phenomena or processes are driven or operated
“at a variety of interlocked and nested geographical scales” [21] (p. 129). Meanwhile, Brenner (2001) [22]
applied the Structuration Theory of Giddens (1984) [23] into the conception of scale and argued that
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the social production of scale is the “scalar structuration”, which is endogenously embedded in and
predicted on the relationships between hierarchical scales.

Unquestionably, there have been ongoing debates on scale in the process of theorizing scale.
Marston (2000) criticized that the historical materialism view has neglected the social reproduction
in the study of uneven development of capitalism on the production of scale [4]. Furthermore,
Marston et al. (2005) analyzed the dominant research framework of scale and hierarchical conception
of scale, and suggested replacing it with an ontology [5]. However, Harvey (2012) suspected the
productiveness of this transformation on some particular milieu [24]; for example, Ostrom (1990)
argued that the nested hierarchy of administration system on the design of commons governance
should be avoided [25].

Nevertheless, what is the most important in urban governance practice? Smith (1992) [4] expanded
the three-scale structure proposed by Taylor (1982) [26], with elaboration of scale’s relationship, to the
discontinuous and contradictory feature of capital reproduction process, and creatively contributed to
the conception “politics of scale” by defining the geographical scale as “the boundaries and bounds
the identities around which control is exerted and contested” [4]. Smith (1993) further contended
that the processes of scale formation are cut through by all manners of fragmenting, divisive and
differentiating processes (e.g., nationalism, localism, class differentiation and competition). Scale
mediates between cooperation and competition, between homogenization and differentiation, and
between empowerment and disempowerment [27].

Within the entrepreneurialism practice of neoliberal agenda [28], competing for scarce and mobile
capital with their peers at same political scale for urban transformation encourages or motivates urban
authorities to choose different strategies to attract foreign direct investment (FDI) and enhance their
competitive advantages at larger geographical scales. This has been very prevailing in western society
as well as in contemporary China [29]. Those urban political reforms have originated from a new
rationality of governance practice on system of city governing county or “shi-guan-xian” policy since
early 1980s, based on both localization and promotion of state authority activating local economy.

Chung (2007) [30] unscrambled these endeavors as impacts on the existing urban scale and the
relationships between cities and other institutions but Ma [29,31] degraded the phenomena as a result
of spatial pattern reconstruction. In fact, those endeavors could be extended or further epitomized as a
pack of following scale strategies [9]:

First, Jumping of Scales, was described by Smith (2000) as a conception of a process that signals
how political power, affixed at a particular geographical scale, is expanded to another scale [3].

That is to say, scalar political strategies are actively mobilized as parts of strategies of
empowerment and disempowerment. The social power within and between scales changes with
the scalar structure. Shen (2007) [9] articulated that scaling-up from county level to prefecture level,
prefecture level to sub-provincial level, and sub-provincial level to provincial level [12] does not
lead to spatial expansion, but empowers a city to control over land and economic interests in the
newly developed areas instead. In contrast, when scaling-up the territorialization process, some
cities, e.g., Kaifeng City in Henan province, have experienced a downsized re-territorialization from
a sub-provincial city to a prefecture, and then suffered a decline continuously. Thereby, it is not
surprised that scaling-up strategy has been restlessly applied in urban development practice under
the orientation of urban growth machine and urban regime since the Chinese urban decentralization
occurring in mid-1990s [32–34].

Second, as Brenner (1999) [17] argued that “world city” formation is the ultimate aim of urban
planning and regional development in most cities, the strategy of penetrating scale is broadly embodied
in majority of urban plans and growth agendas during the city internationalization movement, ranging
from developed coastal areas to undeveloped inland area across China. This strategy refers to the
aspiration to exert local influence to other scale, particularly, penetrating the influence or force of
global or international scale into regional or urban scale.
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Third, the strategy of overlapping of scale is also extensively utilized by lower-scale states to
share a part of power and resources with higher-scale states through a top-down channel. For example,
Shen (2007) [9] stated that a sub-provincial city in China is under administration of a province but it
possesses much of provincial power. As a result, the sub-provincial city occupies a massive quantity of
development zones, industry parks and technology zones, which are generally established on lower
geographical scales, but are empowered by higher-level scale and control over a larger scale of resource
in a nested bureaucratic system.

However, these ambitious strategies are not always successfully implemented. Recently, more and
more mass media reports reveal that the internationalization movement of Chinese urban development
is going far away from their baselines [15]. This is because nearly all urban areas in either coastal
areas or inland regions on the reports have large-scale vacant housing, contributing to the formation of
empty cities or towns everywhere [35]. This will be explained in detail in the following sections.

3. Study Area and a Case Study Method

3.1. Study Area

Changzhou City is located in the center of northern sub-region of Yangtze Delta in eastern China
and at the lower reaches of Yangtze River (Figure 1). Wujin has become a district of Changzhou city
since 2002 after a very flexuous administrative boundary evolution [36]. During the period from 1949
to 1983, Wujin was a county with a total area of 1677 km2, separated from Changzhou (Figure 2A),
a county-level city, financially and administratively.

Figure 1. Location of the study area—Wujin.

However, after the administration reform in 1980s [37], Wujin County was administered by
Changzhou city and the latter was promoted as a prefecture-level city in 1983 under the policy of
“system of city governing county” [9,30]. As administered by Changzhou city, Wujin County first
relocated its government site from a city to a county town - Hutang in 1993, then was transformed as a

369



Sustainability 2015, 7, 5682–5704

county-level city in 1995 (Figure 2B), finally, was merged into Changzhou city as a urban district in
2002 (Figure 2C).

Wujin was famous by its “Sunan” model of bottom-up urbanization [38,39] and ranked the second
among the One Hundred Strongest Counties of China in 1992 and the eighth during the period from
2003 to 2005. It has a total population of 1.6 million and a total GDP of 153.67 billion yuan RMB, which
amounts to 46.2% and 50.9% of whole Changzhou City respectively [40].

Figure 2. Changes of administrative structure of Changzhou and Wujin.

3.2. A Case Study Method

The research presented in this paper is based on Yin’s (2003) case-study methodology [41]. Case
studies are used to provide information for decision-making or to discover causal links in settings
where cause-and-effect relationships are complicated and not readily known [41]. This method enables
us to understand how local governments have selected the different scale strategies for new town
development and why they failed to clone the trajectory of Shenzhen as well as Pudong and fall
into the trap of unsustainability, with multiple sources of evidence. Such understanding allows us to
illustrate and confirm the theoretical propositions previously enunciated in this paper.

The sampling of this case study, particularly the selection of interviewees, was based on previous
research and consultancy projects with local governments, from which effective collaboration and
efficient communication with relevant organizations have been successfully developed since the early
2000s. The case study data were collected from 49 face-to-face interviews at conferences, in offices or tea
bars, or interviews by telephone, since the study involves different ideas, perspectives, opinions and
interests from local business communities, developers and individuals. In this context, the interviewees
include a set of opposite actors, namely, representatives of prefecture government vs. city government,
the parishes officers of district government, some independent professionals vs. planners involved
in local scaling-up strategies. The mixture of so diverse actors aims to investigate the interrelation of
different actors in the mega-event. Therefore, it should be ensured that the criteria of actors’ selection
are relevant, neutral and objective. The interviews lasted for 20 to 90 minutes and then were transcribed
into subsequent memo or research reports (see Table A1).

Additional data sets were acquired from: (1) reports of master planning of Wujin; (2) documents
and bulletins from Changzhou Municipal Bureau of Planning and Development and Wujin District
government; (3) the Statistical Yearbooks (China, Jiangsu province, Changzhou municipality and
Wujin District, etc.) from 1993 to 2014 respectively. At last, 23 semi-structured surveys were conducted
to unfold the failure of scaling-up strategy in social-spatial dimension upon individual cognitions,
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involving cognitive maps of new Wujin and public attitudes of urbanization process of Wujin from
local communities.

4. The Practices of Scaling-up Planning in Three Phases

4.1. Is it Another “Great Leap Forward”?

Wujin’s scale formation from a local to an international scale experiences three phases and four
periods in the Chinese intuitional context of urban economic reform initiated in mid-1980s and of tax
reform in mid-1990s (Figure 3):

Figure 3. The rescaling of expansion of Wujin during 1993–2011.

4.1.1. Bottom-up Urbanization Before 2003

Although Wujin County was ranked the 2nd of the one hundred strongest counties across China
in 1990s and has been famous for its “Sunan” model of bottom-up urbanization [38,39], it had to
share a county town with the prefectural-level city—Changzhou due to complicated changes of
administration (Figure 2). In the mid-1990s, Wujin has gained its financial independence motivated by
the decentralization of central administration. The selection of building Hutang town as its capital was
the protruded planning agenda in the master plan and the follow-up construction plan during the
period from 1992 to 2003.

In this phase, Hutang Town was planned at a local scale and constructed as a common county
capital of Wujin County. As an urban planner (Interviewee E1), who was involved with Wujin Master
Plan in that phase, reviewed: “although it was based on a massive scale of economic activities . . . ., [Wujin]
was compiled to the standard of middle or small city [construction regulation of Ministry of Construction of the
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People's Republic of China]. It [the city proper around Hutang capital] was planned to have a total area of 25
km2 with a total population of 220,000 . . . ..a typical small city at local scale . . . ” (also see, Wujin Master
Planning Report 1993–2020) [42].

4.1.2. Scaling-up Formation During 2003 to 2013

Encouraged by the successful scaling-up strategy of Shenzhen City expanding rapidly from a local
village to a regional mega city as well as the marvelous transformation of Pudong from a desert area
into an international financial and trade center, it is reasonable to foster its own scaling-up dream due
to the strong economic power of Wujin. As such, Wujin has become one of many cities participating in
the campaign of scaling-up “Great Leap Forward” since 2000s. This campaign can be divided into two
periods of planning agenda: scale-jumping (2003–2009) and scale-penetrating (2009–2013).

4.1.3. Scale-Jumping Strategy Based Planning Agenda (2003–2009)

The administrative changes of Changzhou have made Wujin jump from a county to a county-level
city, and then become a central district of prefecture-level city of Changzhou. Against this background,
Wujin was transformed from a center of local-scale county-level city to a center of a semi-regional-scale
prefecture-level city. A new scaling-up strategy was explicitly demonstrated in the Strategic Plan for
Wujin District in 2003. The plan aimed to reposition the regional roles of Wujin from a comprehensive
local central place to an important node of the Yangtze Delta, by twinning with Changzhou city at a
final stage. Further, in the plan, Wujin, taking the regional role, was supposed to be more modernized,
larger and more attractive. To meet these objectives, it is imperative to expand the city with a higher
standard of urban development and construction. As a result, the population scale planned for the
year 2020 was changed from 220,000 to 680, 000 population relative to those in the city planning of 1993
and correspondingly the total built-up area planned for 2020 increased from 25 km2 to 82 km2 [43].
It indicates that Wujin would be up-scaled from a middle-size city to a large-size city in China’s city
system, accordingly gaining a high level of political-economic mobilization in the Chinese institutional
context [9,28,29].

Furthermore, Wujin was also proposed to be an eco-environmental friendly and greener city
to attract more population and capital investment [43]. As such, ecological development was
considered in the local planning or urban construction. As one planner who was interviewed explained
(Interviewee E2):“To be a functional center in the region, Wujin should be greener and more livable in the first
instance”. The pursuit of these aims make it necessary to increase land consumption, develop more
green space and enhance the quality of urban construction.

4.1.4. Scale-Penetration Based Planning and Overlapping Scale Redemption Agenda (2009–2013)

During the new town movement, the land consumption of Wujin in 2008 has reached the peak
of land development set for six years (2014–2020), which has invalidated the strategic planning
formulated in 2003. As a tool for fighting back against the depression caused by the global financial
crisis in 2008, Beijing strived to stimulate an export-inclined economy with a big budget throughout
the whole country [44]. The authority of Wujin district government then decided to take advantage of
this national policy and made a great leap into the scale of world city through new strategic planning,
which began in May and was completed by December 2009 [45]. In the planning scheme, Wujin
adopted a penetrating strategy to locate itself into a global world system [46] as a global node:

“In a flat world reconstructed by the process of globalization, the cities on the bottom of national
hierarchical city system (political system or size system) could have an opportunity to fulfill
important functions and play nodal roles in the global city system. Wujin, undoubtedly as such a
city, is capable of penetrating into the global city system . . . because of its advantageous location in
the Yangtze Delta and its economic strength.”

—Strategic Planning Report for Wujin New City (2009–2030) [45] (also see, Interviewee E3)
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Wujin was planned to be one of the cities with global influences in the world but at a lower-scale
in national administrative or city-size system, such as example cities of Davos in Switzerland, Seattle
in United States, and Kunshan in China [47]. Based on this penetrating strategy, it is projected that
Wujin would be a driver of regional economic development and one of the most attractive destinations
for foreign direct investments and migrations in the Yangtze Delta as well as Changzhou municipal
area. Thereby, the plan has updated the targets of population growth and land development in 2020
up to 950,000 populations and 135 km2, respectively.

This changed objective also stimulated the restructure of city form, formulating a polycentric
spatial structure including a recreational business district (RBD) in front of Gehu Lake that is located
in the west, and a tech-industrial town (TIT) in the south, as well as CBD in Hutang central area.

In addition, an “eco-friendly” and “most livable” proposal incorporated into the penetrating
strategy into global circuits [45], became a substitute for the “simple greening” strategy formulated in
2003. As an official of planning bureau assessed the plan (Interviewee B5), “Wujin city will be not simply
greener, but also have a better ecological system and more harmonious relationship between growth and ecological
environment. Thus, it is imperative to adopt not only greening technology but also eco-technology, such as water
resources preservation technology, circular economic technology, and low-carbon technology. These endeavors in
ecology construction would enable Wujin to ultimately become one of the most livable cities in the Yangtze Delta
as well as one of most well-known livable cities in the world”.

Unfortunately, both the tough economic situation in real estate market and strict land use policy
by central government made the new town movement of Wujin face a challenging budget deficiency
around 2012. As an officer in Wujin (Interviewee B3) released: “ . . . if our finance is no longer dependent
on the land leasing incomes, the annual revenue of our functional zone would be only 0.8 billion yuan RMB;
it is not sufficient to pay the debt which was produced by the excessive public infrastructure investments
in previous years . . . only pay its interest; if we still some leftover, we may refund our stockholders a little
bit . . . ”. This has induced the empowerment of scale overlapping strategy in Wujin. That means,
Changzhou city paid for Wujin’s debt and changed its urban development strategy from north back
to south, then fully integrated Wujin into Changzhou’s city proper geographically. However, due to
unnegotiable political interest conflicts, the scale overlapping strategy was not properly implemented
(IntervieweeB2). “ . . . son’s mergers father’s? which is a metaphor of relation between Changzhou and Wujin
in history. It [Changzhou] was a part of us [Wujin]! . . . humph, [Changzhou’s]economy, I do not think, is
better than ours . . . if so(merges Wujin into Changzhou), they should pay the bill[means huge debt and other
cost] . . . ” while the officer disagreed with this argument with laugh during the interview. The official
in Changzhou Planning Bureau (Interviewee B7) and the planner in a state-run planning institute of
Changzhou (Interviewee E4) also expressed similar viewpoints over the possibility of overlapping
each other between Changzhou and Wujin for both historic and realistic conflicts of interest.

4.2. Evaluating Outcomes of Scaling-up Strategies

4.2.1. Consequence (or Outcome) of Great-Leap Land Consumption

The scaling-up strategy has stimulated the acceleration of land development in Wujin since 2003,
and has ultimately led to an un-balanced relationship between land consumption and population
growth (Figure 4). The built-up area of Wujin was only 47 km2 in 2003 but 102 km2 in 2008 already.
Such rapid growth has surpassed the growth boundary and invalidated the land development limit set
in the strategic plan (2003). Comparatively, its population in 2008 only reached 400,000, 58.8% of the
planned population for 2020. As the consequence of low-density urban sprawl, population density in
urban areas has dropped rapidly from 6600 in 2003 to 1980 population/km2 in 2008, which is seriously
threatening the sustainability of rural development.
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Figure 4. Increase percentages of land consumption and population growth from 1998 to 2013 compared
to the data in 1993. Note: data from Wujin County Master Planning Report (1993–2020) [42]; Wujin City
Master Planning Report (1998–2020) [48]; Urban Construction Development Report of Wujin Urban
Area 2013 [49].

However, the land demand for urban development in Wujin has never ceased but instead kept
an average growth rate of 6.8 km2 per year from 2009 to 2013. These lands were mainly provided
for developing the RBD area in the West and TIT area in the South. As a result, the built-up area has
reached 136 km2 in 2013, while the population density in Wujin’s urban area continually increased to
1677 population/km2 in 2013.

4.2.2. Social-Spatial Consequence of Continuous Urban Sprawl

The great-leap land consumption has caused large-scale urban sprawl since 2003, which inevitably
led to a series of unsustainable land use, economic and social development.

First, the excessive land consumption has led to a lower efficiency of land resource utilization as
well as a waste of public investment. Over the past ten years, a large amount of land resources have
been used for housing, shopping malls, open spaces, and other public facilities. Among all the types of
land resource uses in Wujin during 2003 to 2013 (Table 1), housing use ranked the second, green open
space the third, and transport the fourth. However, all these land resource utilization suffered a very
low rate of growth. For example, there is a huge gap between the actual versus designed traffic loadings
at many avenues (Figure 5). An official survey [50,51] reported that the average rate of residential
vacancy in Wujin was 21.7% in 2009, which increased to 22.5% in 2010. The actual vacancy rate should
exceed the official rate based on our interview with the managers of real estate agencies or managers
of property management companies in the 16 representative zones (Table 2; also see, Figure 5). One
real estate sale agent commented (Interviewee A6) “ . . . eh, it is difficult to make a judgment of how many
people live in their residential areas . . . We sold out around half [of property] . . . Some [empty dwellings] are
soled but nearly half of their owners never shown up [so, they need to pay the strata fee].”Similarly, a female
store owner confirmed the high rate of housing vacancy (Interviewee D5):”I have lived here for eight
years . . . till now maybe only two third [housing are occupied by residents] . . . the price was around 5000 Yuan
RMB per square meter . . . now around 6000 [the average housing prices in Nanjing and Shanghai had 3 to
4-fold increases during this period] [50] . . . just for living . . . nobody invests on it . . . ”.
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Table 1. Changes of land use structure.

Urban Land Use 1993 (km2) 2003 (km2) 2013 (km2)
Growth

(1993–2003) (km2)
Growth

(2003–2013) (km2)

Housing 4.33 15.61 33.76 +11.28 +18.15
Manufacturing 2.87 17.46 43.08 +14.59 +25.62
Transport 0.62 11.57 18.97 +10.95 +7.4
Green land 0 0.19 13.58 +0.19 +13.39
Commercial and Public facilities 1.64 8.53 13.32 +7.49 +4.79

Note: data from Wujin County Master Planning Report (1993-2020) [42]; Wujin District Strategic Planning Report
2003 [43]; Urban Construction Development Report of Wujin Urban Area 2013 [49].

Furthermore, the rapid urban growth has resulted in a crisis of social identity, undermining
the sustainability of social development. The sharp contrast between increasing urban sprawl and
declining population growth not only enlarged the geographical scale of Wujin, but also distorted the
cognitive scale of residents as well as their community sense in Wujin (Figure 6).

Figure 5. The city view both in daytime and nighttime at a site of downtown area.
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Table 2. The surveyed housing vacancy rates in the 16 residential zones.

Zones Construction year Residential vacancy rate

1 Chengzhonghuayuan zone 1990 <10%
2 Sijixincheng zone 2002 10%
3 Tian’ anbieshu zone 2004 19.5%
4 Xinchengnandu zone 2005 13%
5 Changhonghuayuan zone 2006 43%
6 Daxuexincun zone 2006 48%
7 Cailingjiayuan zone 2006 30%
8 Nandianyuan zone 2007 30%
9 Yucheng zone 2007 30%
10 Hupanchunqiu zone 2008 35%
11 Tianjuanfeng zone 2010 45%
12 Hongjianyipin zone 2010 50%
13 Moershangpin zone 2010 66%
14 Xinchenggongguan zone 2011 35%
15 Laimengcheng zone 2011 50%
16 Xingheguoji zone 2013 90%

In a mental map on the spatial extent of Wujin new town created from a survey of 23 inhabitants
(both locals and migrations) (Interviewees C1–C16; D1–D7), more than 75% interviewees defined the
new town into a region no more than 50 km2, and located in the built-up area prior to 2003. In addition,
more than 60% these interviewees stated that they seldom travelled to the western RBD area and the
southern TIT area. Nearly 50% these interviewees argued that they had little sense of community
belonging in Wujin because of inappropriate spatial scale for living and a high rate of residential
vacancy. The poor community sense has made Wujin not an ideal destination for migrants and this
has adversely aggravated the degree of unsustainability. An official survey (2011) on the origins of
buyers of commercial housing during 2006–2010 revealed that more than 75% to 85% buyers were
locals, 10% to 15% buyers from other districts of Changzhou, and only 5% buyers from outside of
Changzhou city [52]. These figures also revealed that Wujin has not become a real regional or global
node attracting migrants from outside, and accordingly evidenced the failures of scaling-up strategies
initiated in 2003.

Figure 6. The cognitive map of local community.
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4.3. Evaluating Land Revenue Collection

Undoubtedly, a massive gap exists between local revenue generation capacities and the
requirements of scaling-up strategy, which allure and push local governments to raise funds in
numerous forms away from formal state channels [53]. Since the urban economic reform in the
mid-1980s and the follow-up tax sharing reform in the mid-1990s [37], local governments such as
Wujin, were anxious to pursue a pro-growth development under the circumstance of decentralization.
As the star of counties with the fastest economic growth in China, Wujin’s GDP and local revenue
in 2003 was 31.6 and 4.0 billion yuan RMB [54], much higher than the national average at county
level [55]: 3.19 and 0.13 billion yuan RMB as well as the provincial average [56]: 12.2 and 0.7 billion
yuan RMB respectively.

As such, there was not a big financial issue in 2003 for Wujin to confidently practice its scaling-up
strategy. In fact, the logic behind the scaling-up strategy adopted by many local governments
including Wujin, is transforming massive non-urban land into towns more than that required for
urban development and gaining mortgage from banks before the excess land is sold out to real estate
developers. Consequently, local authorities transform the loans from banks into infrastructure, public
facilities, open spaces, and other fixed capitals to increase the value of urban land as well as its leasing
price. Local authorities then lease the expensive land to developers and reclaim the proliferating land
premium to repay the debt from banks. When the real estate market is growing, local governments are
able to achieve the institutional led excessive “rent-gap” between farmland compensation fee and the
proliferating land leasing fees [57–59].

However, the implementation of the strategy is very much dependent on the real estate market
situation. Wujin has seemed to suffer a looming financial problem since 2012, caused by the declining
real estate market. In the unexpected situation, both the new towns driven by scaling-up strategy
and the game of institutional led excessive “rent-gap” are defunct. Local authorities have to face the
unbearable financial crisis, confirmed by a local government officer (Interviewee B1) when commenting
upon their endeavors of underplaying the looming crisis: “ . . . We [the Wujin government] do have some
financial issues these years . . . eh . . . but, anyway, Wujin still has a huge number of population and an abundant
amount of [farm] land for development . . . ”. However, an mid-ranked official agreed (Interviewee B3):”
. . . The debt of our zone [only a developing zone of new town of Wujin] has reached around 15 billion yuan RMB
right now [Nov 2014] . . . With the declining real estate market and land market, the annual revenue of new
town is as little as only 0.8 billion yuan RMB . . . maybe it depends on if the central government wishes to pay
the debt at last or helps local government keep the housing price up . . . ”. A real estate developer confirmed
(Interviewee A2):“ . . . After 2012, the [real estate market] business has declined steadily . . . [housing price]
too high? I don’t think so, at least our profit is lower than before . . . eh . . . maybe the compensation fee and
tax is much higher than before . . . .it is not our [real estate business] nowadays . . . ”. A Regional manager
of a nation-wide real estate company also expressed his disappointment over real estate market of
Wujin (Interviewee A1), “if this situation [real estate market declined] goes on, we may have to withdraw from
Wujin”.

5. Discussion

5.1. Dream or Nightmare? An Unbroken Bubble of Scaling-up Strategy or Planning Competitions

The case study of Wujin may be a special case of many urbanization practices in China broadly
utilizing scaling-up strategy. The National Development and Reform Commission (NDRC) Report
(2013) [60] revealed that numerous new towns have been built in the surveyed 12 provinces during
2000 to 2012: 200 new towns in 156 prefecture-level cities, at least 67 new towns in 161 county-level
cities and 55 in 12 sub-province-level cities with an average size of 63.6 km2, which equals to 55.3% of
average built-up area of original towns. In summary, the factors contributing to the failure of Wujin
are listed as follows.
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Although Wujin was merged into Changzhou city as a central district, it was unable to acquire
substantial financial support from Changzhou city government as a subprime center. For historic
reasons, the development strategy made by Changzhou city was to develop the northern city
proper and build a sub center in Xinbei District (Figure 1C). As such, most public resources such as
Changzhou’s administration center, large-scale gymnasium, hospitals, cultural centers, transport hubs,
and other public facilities have been developed into the new northern center rather than into the area of
Wujin in south (IntervieweeB4, B6, B7 and E4). Undoubtedly, Wujin’s development was marginalized
to a peripheral position in Changzhou city. The sharp contrast between the top-down strategy of
Changzhou and the bottom-up strategy of Wujin determined the fate of Wujin’s scale-jumping strategy.

Wujin was not the only city adopting the penetrating strategy across the Yangtze Delta. In fact, the
new towns in Shanghai, Suzhou and Nanjing cities have also implemented the scaling-up strategies
with support from their higher-level (or mother) cities, and were all expected to be a functional node
within the global system. Comparatively, Wujin had two inherent disadvantages over others. For
example, Wujin had a disadvantageous administrative status comparing to other new cities and towns
in Shanghai and Nanjing. Changzhou was just a normal prefecture-level city in Jiangsu Province,
compared with Shanghai, provincial-level city and Nanjing, a sub provincial-level city, who both could
have more political and economic resources and more development opportunities. Wujin also had a
geographical disadvantage. Contrasting to its above-mentioned cities, Wujin has a very poor spatial
accessibility to the global city—Shanghai and is therefore less able to integrate into internationalized
economy and society (Figure 1B). Thus, the economic structure of Changzhou (and Wujin) is more
likely localized rather than globalized, same as other cities, which can be inferred from the comparisons
of two statistics related to economic openness level (Figure 7). Consequently, Wujin was deemed a
loser in the scaling-up competitions.

Figure 7. Comparison of economic openness level between Changzhou and its competitors in 2012.
Note: data from Shanghai Statistical Yearbook 2013 [61] and Jiangsu Statistical Yearbook 2013 [55].

These lessons from the Wujin case reveal that globalization may present opportunities for local
development but may be traps for local strategic decision-making. A successful practice of jumping
to a higher scale or penetrating into the global system is not solely dependent on local initiatives.
The winners should have global economic restructure and function as nodes of international capital
production [24,62]. The failure of Wujin demonstrates that the grand scaling-up strategies are just
illusory stories for most local cities, made up by global powers. It is infeasible for a local city to
mobilize all of its resources for the illusory dreams. The losers in the gamble would inevitably face a
cumbersome social-spatial unsustainability.
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5.2. The development of Green Technology

It is undeniable that Wujin has deployed many greening and ecological strategies during the
scaling-up practices since 2003. Therefore, why have these strategies not facilitated the production of
sustainable outcomes?

Following these “greening”, “eco-friendly” and “most livable” strategies, Wujin has made a
number of greening endeavors such as developing more green space, reserving waterfront space, and
building wide green belts on roads or streets, which has resulted in a substantial increase of green land
during 2003 to 2013 (Table 2). Moreover, Wujin also deployed several ecological technologies including
the developments of its public transport system, green architecture technology, and low-carbon
technology. For example, Wujin was a pioneering city in running bus rapid transit (BRT) system
and a pilot city in developing a green architecture industry in China. Wujin also invested 0.2 billion
yuan RMB in developing a low-carbon small town, which was the first low-carbon project in Jiangsu
Province (Interviewee B5).

Through these greening and ecological practices, Wujin was awarded a series of prizes for
its green or livable development. For example, Wujin gained its first national award of “national
ecological demonstration zone” by State Environmental Protection Administration of China (SEPA) for
its endeavors in tree planting in 2006. Continuously, Wujin won an award of “international garden
city” in the 11th International Garden City Final sponsored by the international Federation of Parks
and Recreation Administration (IFPRA) in 2007. In 2010, Wujin achieved “Dubai International Award
for Best Practices to Improve the Living Environment”, which was issued by UN-HABITAT.

Unfortunately, these excellent efforts in greening and eco-friendly developments have not
automatically led to successful practice for sustainable urban development. This is because all of
these efforts and actions only rested on the ambitions of local government for marketing pro-growth
urban development strategy, and failed to mobilize the whole society to autonomously participate
in these, and they are never rooted in the daily practice of local residents. Thereby, the strategies of
“let it be greener”, “let it be eco-friendly”, and “most livable” are not realistic manifestos to make a
city sustainable but masks of entrepreneurialism policies to make the city greener and more attractive
to capitals and high-skilled labors, to start the strategies of jumping scale or penetrating scale in a
globalization context. Thereby, the greening strategy neither endorsed the scaling-up strategy, nor
cut down the deficit budget of local government; instead it is more likely to provide a justification to
overdraw local resources.

Furthermore, the investment in green technologies for implementing sustainable urban
development strategies was far beyond the durable financial power of local governments. As a
result, the local governments had to sell out more land plots for fundraising and then remarkably
reduce the property price in real estate market. These actions jeopardized its revenue and threatened
the development of agricultural sector and local environment. Consequently, these kinds of sustainable
urban development strategy have inevitably led to unsustainable outcomes in planning practice.

6. Conclusions

Motivated by the successful scaling-up strategies of Shenzhen and Pudong, Shanghai in China,
numerous cities and towns dreamed of repeating their paths of internationalization through similar
economic policy, advanced green technology and eco-environment friendly rationale. Unfortunately,
nearly all of fast booming suburbs or newly developed towns have, to some degree, faced a series
of sustainable development challenges, such as a high ratio of vacant dwellings, a massive loss of
farmland, and nearly bankrupted local governments. In the case study of Wujin, the unsustainable
consequences of scaling-up strategies and sustainable technologies in urban development are twofold:

Given that the legends of Shenzhen and Pudong, Shanghai originate from a modified neoliberal
capitalism [62] intervention at right time and in right place, their successful practices are definitely
unrepeatable. Mr. Deng Xiaoping has demonstrated his outstanding political-economic wisdom on
the design and development of Shenzhen in 1980s, and then of Pudong in 1990s. That is, both cases
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were embedded with incomparable state scale and economic scale, which are not available for any
other peers in China. Although it was one of the most economically wealthiest county in China, Wujin
was restrained in its embarrassing administration level, less motivated economic capacity, and less
attractable regional housing market, making it impossible to practice scale jumping, scale penetrating
and even the scale overlapping to achieve its scale formation in the context of internationalization.

Furthermore, the politician, bureaucrats and planners of Wujin have realized its weaknesses in
scaling-up strategy; as complementary alternatives, they have practiced an eco-environment friendly
strategy with extensive uses of advanced green technology into urban development. However, it is
unreasonable to mistake “the light green” as “deep green”, either sustainability [63]. Consequently, the
slogans “think globally and act locally” proposed by the founder of “Friends of the Earth”, David R.
Brower would be the best philosophy for these local cities and towns than its reverse one “act globally
and think locally”.

The analyzed case of Wujin may have important implications for the sustainable development
of Chinese cities, which are undertaking rapid urbanization under the dual forces of market and
government intervention. It is clear that local governments should learn the lessons from Wujin
that economic unsustainability jeopardized sustainable urban development though it is still early
to conclude that the Wujin’s case is unsustainable when the city has been developing very fast.
Continuous monitoring of its development process and even quantitative models of evaluation would
contribute to the appropriate design of local development strategies. Some potential efforts would be
further developed in the future to reveal the sustainable and unsustainable practice of Wujin and its
peers under the roofs of policy boosterism effort [64] or framework of sustainability fix strategy [65].
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Appendix A

Table A1. List of interviews from 2009–2014.

Venues Data Interviewees Contents

A Local Business Community (8 interviewees, A1–A8)

1 Office 23 November 2014
A regional manager of a
nation-wide real estate
company

Sales performance;
business environment
and future investment
consideration

2 Restaurant 23 October 2014 A local real estate developer The development of real
estate market in Wujin

3 Marketing hall 23 November 2014 A sale manager of a local
real estate enterprise

Sales performance recent
years

4 Store 23 November 2014 A local small business owner
Business environment;
interest of investment in
real estate

5 Community 23 November 2014 An employee of a
trans-region company

Business and living
environment in Wujin
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Table A1. Cont.

Venues Data Interviewees Contents

6 Scale office 23 November 2014
A branch manager of a
second-hand property
agency

Business performance
and appraisal over the
second real estate market
of Wujin

7 Park 23 November 2014 A shopkeeper in a
community store

Business performance
recent years

8 Restaurant 23 November 2014
A manager of a restaurant in
the central business district
(CBD)

Business performance;
business environment in
Wujin

B Officials (7 interviewees, B1–B7)

1 Restaurant 23 October 2014 An official of tourism
bureau, Wujin

Developing issue of
Wujin; problems in
restructuring economy

2 Restaurant 23 October 2014 An alcalde

Developing issue of
Wujin, opinions on scale
overlapping strategy
from a Wujin perspective

3 Hotel 22 November 2014 An official in a functional
zone Finance issue of Wujin

4 Office 24 November 2014 Official A in a department of
district government

History of
planning-making

5 Office 24 November 2014 Official B in a department of
district government

“Green” strategy in
planning

6 Office 24 November 2014 An vice-director of a
planning institute in Wujin

Problems of excessive
land consuming

7 Office 24 November 2014 An official of planning
bureau, Changzhou

Conflicts of spatial
development strategies
between Changzhou and
Wujin; opinions on scale
overlapping strategy
from a Changzhou
perspective

C
Local residents and managers of community property management
companies (23 interviewees) (C1–C23)

1–4
Sijixincheng zone;

Chengzhonghuayuan
zone;

22 November 2014
Two residents and two
managers of property
management companies

Vacancy rate; mental
map; community sense;
future plan of property
investment

5–10

Nandianyuan zone;
tianjuanfeng zone;

xinchengnandu zone;
xinchengnandu zone

22 November 2014
Three residents and three
managers of property
management companies

Vacancy rate; mental
map; community sense;
future plan of property
investment

11–16
Laimengcheng zone;

Xingheguoji zone;
Moershangpin zone

22 November 2014
Three residents and three
managers of property
management companies

Vacancy rate; mental
map; community sense;
future plan of property
investment

17–23 Other 8 zones 22 November 2014
One resident or manager of
property management
company in each zone

Vacancy rate
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Table A1. Cont.

Venues Data Interviewees Contents

D Migrant workers (7 interviewees) (D1–D7)

1–3 Taxi; hotel; restaurant 23 November 2014 Three migrant workers in
service sector

Attraction of Wujin’s
living environment and
their settlement plans;
mental map

4–5 Street; store 23 November 2014 Two migrant workers in
manufacturing sector

Attraction of Wujin’s
living environment and
their settlement plans;
mental map

6–7 open spaces 23 November 2014 two migrant worker in
high-tech industries

Attraction of Wujin’s
living environment and
their settlement plans;
mental map

E planners (4 interviewees) (E1–E4)

1 In a meeting 15 October 2009 A planner joined in the
master planning 1993

Details of the planning
process

2 By telephone 26 November 2014 A planner joined in the
strategic planning 2003

Details of the planning
process

3 In university 4 November 2014 A planner joined in the
strategic planning 2009

Details of the planning
process

4 By telephone 26 November 2014
A planner in a state-run
planning institute of
Changzhou

Opinions on scale
overlapping strategy
from a Changzhou
perspective
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Abstract: The metropolitan city of Istanbul is becoming overcrowded and the demand for clean water
is steeply rising in the city. The use of analytical approaches has become more and more critical
for forecasting the water supply and demand balance in the long run. In this research, Istanbul’s
water supply and demand data is collected for the period during 2006 and 2014. Then, using an
autoregressive integrated moving average (ARIMA) model, the time series water supply and demand
forecasting model is constructed for the period between 2015 and 2018. Three important sustainability
metrics such as water loss to supply ratio, water loss to demand ratio, and water loss to residential
demand ratio are also presented. The findings show that residential water demand is responsible
for nearly 80% of total water use and the consumption categories including commercial, industrial,
agriculture, outdoor, and others have a lower share in total water demand. The results also show
that there is a considerable water loss in the water distribution system which requires significant
investments on the water supply networks. Furthermore, the forecasting results indicated that
pipeline projects will be critical in the near future due to expected increases in the total water demand
of Istanbul. The authors suggest that sustainable management of water can be achieved by reducing
the residential water use through the use of water efficient technologies in households and reduction
in water supply loss through investments on distribution infrastructure.

Keywords: water supply; demand; time-series forecasting; ARIMA; urban water sustainability;
Istanbul

1. Introduction

In 1995, the former World Bank Vice-President Ismail Serageldin claimed that “the wars of the next
century will be about water” [1]. Whether this hypothesis comes true or not, we are living in a world
becoming constrained by water and the human beings are facing with serious social and economic
problems related to accessibility of clean water resources. Despite occupying as little continental
surface as 2%, more than 50% of the world population today lives in cities and this number is expected
to reach 70% in 2050 [2]. In the future, cities will continue to play a major economic role, as well
as contribute to further environmental degradation through water resource consumption, climate
change and pollution [3,4]. Sufficient water supplies with a reasonable cost will continue to become
one of the top agenda items for city decision-makers due to overcrowded cities and the climate change
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threats the water supply for most of the cities in Turkey. Opposite to common beliefs, Turkey is not
a water rich country and the World Water Foundation (WWF)’s recent report on the water footprint
of Turkey shows that country might be faced with serious water shortages by 2030 due to rising
population, consumption, industrialization, and agricultural production [5]. In this regard, the use
of forecasting models for understanding the long-term sustainability of water demand and supply
becomes necessary.

In the literature, forecasting models are widely used in environmental studies to understand the
level of pollution and identify the potential risks for depletion of the limited resources supplied by
the ecological systems. As commonly used forecasting techniques, traditional methods such as time
series, regression and an autoregressive integrated moving average (ARIMA) as well as soft computing
techniques such as fuzzy logic, genetic algorithm, and artificial neural networks are being extensively
used for a time-series demand forecasting [6–8]. Especially for urban water demand modeling, the
ARIMA model has performed more accurately than time-series and multiple regression methods when
forecasting demand based on climate variables [9]. ARIMA models are extensively used in time-series
forecasting, especially in water and energy forecasting [10,11]. For instance, Praskievicz and Chang [12]
used daily and monthly data from 2002 to 2007 to conduct a statistical analysis of seasonal water
consumption in Seoul, South Korea. Significant improvement of the modeling of seasonal water use
was achieved by developing the ARIMA models, which account for autocorrelation in the time series
and explain up to 66% of the variance in water use. Ediger et al. [13] developed forecasting model
for production of fossil fuel sources and compared the performance of two forecasting techniques:
regression analysis and ARIMA. In other study, Ediger and Akar [14] used the ARIMA and seasonal
ARIMA (SARIMA) methods to estimate the primary energy demand in Turkey. The authors concluded
that the ARIMA forecasting of the total primary energy demand appears to be more reliable than
the summation of the individual forecasts. Unakıtan and Türkekul [15] also assessed annual time
series data for energy consumption using the ARIMA model. Erdoğdu [16] studied on the future
growth of gas demand in Turkey and developed a forecasting model using an ARIMA framework.
However, time-series ARIMA forecasting considers only the past values without showing determinants
explicitly. In addition, this method is found to be suitable when climatic and socio-economic data
are not available. Hence, the accuracy of ARIMA forecast may be limited due to the presence of
high correlations among determinants and nonlinear relationships between water demand and its
determinants [17].

Due to the aforementioned limitations of linear time series forecasting techniques, non-linear
models are also used in demand forecasting in environmental studies. For instance, in predictive
models for forecasting hourly urban water demand, artificial neural networks, projection pursuit
regression, multivariate adaptive regression splines, compare a series of predictive models for
forecasting water demand. Consequently, the results which obtained are nearly reliable in comparison
by common forecasting models [18]. In other work, 39 multiple linear regression models, 9 time series
models, and 39 artificial neural network models were developed to forecast the water demand and
their relative performance was also compared. The neural network showed a better performance for
prediction of daily summer water demand compared to multiple linear regression and time series
analysis [19]. In other research, the performance of regression, time series, and neural network models
are analyzed for short-term peak water demand forecasting. The significance of climatic variables such
as rainfall and maximum temperature on water demand management is also investigated. The artificial
neural network models consistently outperformed the regression and time-series models developed
in this study [20]. To forecast urban annual water demand, Huang et al. [17] proposed a combination
of models including wavelet transform (WT) and kernel partial least squares-autoregressive moving
average (KPLS-ARMA). The combined models are applied to understanding the nonstationarity and
forecasting the annual water demand of Dalian City, China. The results showed that the performance
of combined WT, KPLS and ARMA outperforms other forecasting models. In other work, artificial
neural network and ARIMA models are used for energy consumption forecasting. Four main factors
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were considered, including population, gross domestic product, exports, and total visitor arrivals. The
results indicates neural network models release acceptable forecast accuracy when single predictor is
considered but the forecast accuracy of artificial neural network does not improve extremely as the
number of predictors increase [21].

In this research, the water supply and demand forecasting model is built based on the ARIMA
method. Although several techniques including neural networks and multivariate regression analysis
are used in the literature for time-series forecasting, with a given limited water demand and supply
data for the period between 2006 and 2014, the authors used ARIMA in their analysis. As discussed
initially, ARIMA forecasting is extensively used in urban water demand forecasting. However, there is
still an important knowledge gap on the use of forecasting models for urban water supply and demand,
simultaneously. This research used ARIMA for both demand and supply forecast covering the period
between 2015 and 2018 and tried to estimate the long-term viability of urban water management
practices in Istanbul looking at the gap between demand and supply. To address these research
objectives, first, data including water demand categories and supply sources are collected. Then, the
ARIMA forecasting model is developed based on a time-series real data obtained from the Istanbul
Metropolitan Municipality. In this regard, this paper has the following research objectives:

(1) analyze the water demand of Istanbul based on five consumption categories such as residential,
commercial, industrial, agriculture, park and gardens and others,

(2) analyze the water supplied to Istanbul based on different supply sources such as pipeline, dams
and underground,

(3) present the share of the water demand categories, supply sources, and water losses between
period of 2006 and 2014,

(4) evaluate the sustainability of water supply polices for until 2018 by looking at the gap between
water supply and demand,

(5) highlight policy areas need urgent attention in order to sustain the current urban water
management practices and provide a vital guidance and analytical framework for city water
planners for future.

The rest of the paper is organized as follows. First, the data collection process is described and
the ARIMA forecasting model is briefly explained in a step-by-step manner. Next, the findings are
presented for water demand categories and supply sources as well as forecasting results for the period
covering 2015 and 2018. Finally, the findings are summarized and the future work is pointed out.

2. Data Collection

This work is based on a real dataset obtained from the Istanbul Water Supply and Sewage
Administration (ISKI) which is governed by the Municipality of Metropolitan Istanbul [22]. Since the
data for demand and supply was available starting from the 2006, the initial dataset covered the period
between 2006 and 2014. The dataset is first divided into two main categories: water demand and water
supply. Each category is then divided into several sub-categories based on water demand type and
supply source. First, the water demand data account for the total annual amount of water used by the
following consumption categories (see Table 1):
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Table 1. Water demand categories and their descriptions.

Demand Categories (*) Description of Each Category

Residential The amount of annual water used by households (invoiced water expense).

Commercial
The amount of annual water used by commercial facilities such as hospitals,
schools, banks, hotels, offices, etc.

Industrial
The amount of annual water used by industrial facilities such as power
plants, textile factories, cement plants, etc.

Outdoor
The amount of annual water used outdoor activities such as garden
irrigation and/or parks.

Agricultural The amount of annual water used for agricultural irrigation in rural areas.

All other unspecified All other unspecified annual water use categories.
(*) The amount of demand categories is presented in terms of meter cubes (m3).

Second, the water supply represents the total annual amount of water supplied to city which
includes the following supply sources (see Table 2):

Table 2. Water supply sources and their descriptions.

Supply Sources (*) Description of Each Supply Source

Pipeline and Regulator
The amount of annual water supplied by the Yesilçay and Melen
regulators.

Dams
The total annual water supplied by dams such as Alibeyköy,
Büyükçekmece, Darlık, Istrancalar, Kazandere, Ömerli, Pabuçdere, Elmalı,
Sazlıdere and Terkos. This is the largest water supply source for the city.

Underground
The amount of annual water withdrawal from the underground
reservoirs.

(*) The amount of water supply sources is presented in terms of meter cubes (m3).

3. Methods

In this research, the ARIMA is utilized as reliable technique to forecast the demand and supply of
water in Istanbul and consequently estimate the sustainability of demand and supply in the long run.
The ARIMA is a commonly used time-series forecasting methodology in environmental studies [23,24].
The general model introduced by Box and Jenkins includes autoregressive as well as moving average
parameters, and implicitly contains differencing in the formulation of the model [25]. In general, the
three sorts of parameters in the model are known as: the autoregressive parameters (p), the number of
differencing passes (d), and moving average parameters (q). In general, the ARIMA method consists
of five main iterative procedures which are listed as follows:

(1) Stationarity checking and differencing,
(2) Model identification,
(3) Parameter estimation,
(4) Diagnostic checking, and
(5) Forecasting

ARIMA has been emanated from the autoregressive model (AR) and the moving average model
(MA) and the integration of the AR and MA result in the ARIMA model, which was introduced in 1926,
1937, and 1938, respectively [13]. Although this technique has been extensively used for a time series
forecasting, ARIMA model requires instruction in statistical analysis as well as appropriate knowledge
of the field of application. Furthermore, the accessibility of an easy to use but adjustable specialized

388



Sustainability 2015, 7, 11050–11067

computer program is essential [26]. Therefore, one of the software which is used for developing
ARIMA forecasting model is the R statistical software package.

In the ARIMA forecasting, the first step starts with creating statistical control charts to illustrate
the trend of data before running the ARIMA. Hence, an initial step in analyzing time series data is
running I-MR charts which show the control limits on the chart based on the mean of the moving range
(the absolute difference between each consecutive pair of points). If there is no independence between
the points, we have the so-called condition autocorrelation which there is little difference in each
consecutive pair of points. Moreover, we used first autocorrelation (ACF) and partial autocorrelation
(PACF) to understand the correlations between data at different points in time lagged by one or more
periods. In the next step of constructing the ARIMA model, the data needs to be stationary. In other
words, there should be no trend in the process either upwards or downwards [13,14]. To achieve this
condition, certain stability in the process mean needs to be achieved which the differencing data. Next,
we run first autocorrelation (ACF) and partial autocorrelation (PACF) to understand the correlations of
differencing. The autoregressive part of the ARIMA model predicts the value at time t by considering
previous values in the series at time t-1, t-2, etc. The moving average (MA) uses past residual values
which show the differences between the actual value and the predicted value based on the model at
time t, so that the ARIMA model allocated (p ,d, q), which are named as the number of different passes,
moving average parameters, and autoregressive parameters, respectively [21,23]. After checking the
data and identifying the aforementioned parameters, we run the R-software to forecast a set of factors:
(1) water demand of city; (2) water supply; and (3) water supply without the pipeline projects for the
period between 2014 and 2018. The visual check of the accuracy of forecasts is used for determining
whether or not the current exponential smoothing model fits the data. Hence, the precision of the
forecasting are evaluated by different methods. In this paper, we simply used the Mean Absolute
Percentage Error (MAPE) for testing the ARIMA model performance. MAPE represents the accuracy
as a percentage and value is simply calculated using the following formulation [27]:

1
n

n

∑
t=1

∣∣∣∣ At − Ft
At

∣∣∣∣ (1)

where At is the actual value, Ft is the forecast value and n is the number of data points.

4. Results and Discussion

In this paper, the results are presented in two sub-sections. In the Section 4.1, water demand and
supply characteristics of Istanbul are described in details. In the Section 4.2, a time-series ARIMA
forecasting results are discussed for both demand and supply categories.

4.1. Water Demand and Supply Analysis

4.1.1. Total Water Demand and Percentage Contribution of Demand Categories

In this section, the total water demand between 2006 and 2014 is analyzed. The results show that
residential water consumption is higher than all other consumption categories. This consumption
category is followed by commercial activities whereas industrial, parks and gardens, agriculture
categories and others are found have a lower contribution to total water demand. Among these
categories, only residential consumption has shown a steady increase between 2006 and 2014, and the
remaining categories have an increasing and decreasing trend. Between 2006 and 2014, the net water
demand shows the highest amount in 2013 and 2014 while the minimum amount of water demand is
observed in 2008. The total residential water use has a little fluctuation between 2006 and 2010 ranging
between 3.86 × 108 m3 and 3.96 × 108 m3. Furthermore, the total water demand related to commercial
activities is found to be the largest in 2008 and 2010, and after 2010, the total commercial water use has
showed a declining trend. Overall, the total amount of water consumed in Istanbul reached to peak in
2013 and 2014 at 5.84 × 108 m3 and 5.82 × 108 m3, respectively.

389



Sustainability 2015, 7, 11050–11067

In addition, the percentage contribution of all water demand categories for the period between
2006 and 2014 is analyzed. The results indicate that residential water consumption is responsible
for approximately 80% of total water demand with an exception of 2008. For this year, the share of
residential water use is found to be responsible for nearly 70% of total water use, and 15% of total
water demand is attributed to the commercial activities. On the other hand, the percentage share of
industrial and agriculture activities are less than 1% of total water demand in 2013 and 2014. This
finding clearly showed that the water demand of Istanbul is largely dominated by household use
and industrial and agriculture activities have a lower impact on the net water demand of the city.
Although Marmara region has the largest industrial facilities in Turkey, the industrial sectors are not
water intensive as compared to residential consumption. When compared to other cities, Istanbul
is found have a high unit price of water which makes Istanbul unaffordable city for water intensive
industrial production. Therefore, it is important to note that reducing the residential water use can be
the most critical policy strategy to minimize the net water footprint of the city in the future.

4.1.2. Total Water Supply and Percentage Contribution of Supply Sources

Sakarya and Melen regulators (pipeline projects), dams, and underground represent the main
water supply sources. The results showed that the largest amount of water supplied to city is obtained
from the dams. Starting from 2011, the Sakarya and Melen regulators have become the second
important water supply source after the dams. The amounts of water obtained from these two
regulators have steadily increased between 2011 and 2014. In addition, starting from 2010, there is an
increasing trend for the water supplied to city for both dams and regulators. After dams and Sakarya
and Melen regulators, Pabuçdere, Kazandere and Istrancadere are the most important water supply
sources for Istanbul. Based on the results, in 2014, the highest amount of water is supplied to city with
a value of 9.24 × 108 m3 while the least amount of water is supplied in 2006 with a value of 7.32 × 108

m3. This result indicates that there is approximately 25% increase in the net amount of water supplied
to city between 2006 and 2014.

In addition, the percentage share of each water supply source for the period during 2006 and 2014
is presented. The results clearly show that dams are the main water supply source of the city. For
instance, in 2006, more than 95% of the water is supplied by the dams. The share of water obtained
from the underground reservoirs is always less than 5% of total water supply. Starting from 2011, the
share of water supplied by pipeline projects has started to increase and almost 25% of total water is
supplied by the Sakarya and Melen regulators. Between 2010 and 2014, the percentage share of water
supplied by dams has steadily decreased and there has been an increasing share of water obtained
from the pipeline systems. The findings of city water supply indicate that water supply of Istanbul is
largely dominated by dams and regulators. These facts might bring several important risks in the long
run. For instance, the water level in dams in Istanbul is able to show significant fluctuations over the
last decade that can create a risky condition for city water supply. In addition, the water is supplied by
regulators are obtained from the neighbor city Sakarya and a conflict related to water trading between
these cities may put a risk for meeting the total water demand in the future.

4.1.3. Total Water Coming and Supplied to City versus Water Demand

Figure 1a presents the net amount of water coming to city, supplied to city, and water demand
between 2006 and 2014. This analysis will be important to understand the gap between incoming
water versus supplied water and water demand. The results show that in 2006 and 2010, the difference
between incoming water and supplied water was minimum at 6.45 × 107 m3 and 7.35 × 107 m3,
respectively. In other words, for 2006 and 2010, the amount of water coming to city just met with the
supply requirement. Starting from 2010, the gap between incoming and supplied water has steadily
increased until 2014. For this year, the difference between incoming water to city and water supplied
to city is found to the largest compared to other years. When compared to 2014, the net water surplus
(difference between incoming water and water supplied to city) is found to be 9 times more than
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the surplus in 2006. The construction of Sakarya and Melen regulators has played a significant role
in this result. Especially, starting from 2011, there has been a growing water supply to city from
these regulators. Overall, the amounts of incoming water, supplied water, and demand have shown a
steadily increasing trend after 2009.

In addition, the trend for total water supply and demand and the gap between them are also
investigated. In this research, the difference between the net water supplied to city and water demand
is called a water loss. The findings show that the difference between demand and supply was lower in
2008 compared to other years. Starting from 2009, the supply and demand gap, in order words water
loss, has started to increase and reached to its maximum value in 2014. Compared to 2006 levels, the
total water loss is found to be around 1.5 times more in 2014. In 2013 and 2014, the net water loss is
calculated as 3.26 × 108 m3 and 3.42 × 108 m3, respectively. On the other hand, the difference between
supply and demand is found as 2.34 × 108 m3 in 2006.

Figure 1b also presents the water demand, supply and incoming water to city without Sakarya
and Melen regulators. This analysis is important to understand the trend without these pipeline
projects and see whether city-planners are able to meet supply and demand requirements without
these investments. The findings showed that the difference between incoming water and water
supplied to city are lower in 2009 and 2010. After 2009, the amount of water supplied to city has
grown continuously until 2014. Especially, the incoming water has reached its peak in 2014 and the
gap between incoming water and supplied water is found to be the largest in 2014. When compared to
Figure 1a, the total incoming water to city is lower; however incoming water amount is still able to
meet the supply requirements. As presented in Figure 1a, in 2014, the total incoming water is 1.6 times
more than the water supplied to city whereas this ratio is found as 1.2 times when there is no Sakarya
and Melen pipeline projects for the city (see Figure 1b). However, to see the long-term sustainability of
the incoming water, the ARIMA forecasting results are presented in the Section 4.2.

Figure 1. Water supply and demand between 2006 and 2014 (m3). (a) With Sakarya and Melen
regulators; (b) Without Sakarya and Melen regulators.

4.1.4. The Net Water Loss Analysis

In this section, the net water loss of water supply is analyzed considering the gap between the
amount of demand and water supplied to city between 2006 and 2014. In addition, three important
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metrics such as water loss to demand ratio, water loss to supply ratio, and water loss to residential
demand ratio are presented.

First, Figure 2a presents the trend of water supply, demand and loss between 2006 and 2014. This
analysis revealed important insights regarding the time-series change of water supply and demand
as well as water loss. The results indicate that the total water loss has a minimum value in 2008 at
1.56 × 108 m3. After 2008, the total water loss has shown a growing trend until 2014. Similar to water
loss, the net amount of water supplied to city also has an increasing trend after 2010. Interestingly, in
2014, the gap between demand and supply is found to be the largest with a comparison with other
years. Figure 2b also shows the two important ratios such as water loss to supply ratio and water loss to
demand ratio. First, the water loss to supply ratio is calculated by dividing the net water loss to net water
supplied to city. The results showed that in 2013 and 2014, almost 35% of total supplied water is lost in
the system. The water loss to supply ratio is found to be minimum in 2006, 2007 and 2008; however
starting from 2010, there has been an increasing trend in the loss ratios.

In addition to water loss to supply ratio, the water loss to demand ratio is analyzed between 2006
and 2014. This ratio accounts for the net water loss against total water demand for the city. This ratio
is found to have a minimum value in 2006, 2007, and 2008. On the other hand, after 2010, the water
loss to supply ratio is found to be nearly 60% of total water demand of city. Similar to water loss to
supply ratio, the highest value is observed in 2014 (see Figure 2b). Finally, Figure 2c depicts the water
loss to residential demand ratio which is calculated by dividing the net water loss into the net residential
water demand in city during 2006 and 2014. The results showed that this ratio was too high for some
years. For instance, in 2014, the total water loss accounts for approximately 75% of total residential
consumption in Istanbul. In other words, the city wasted 75% of household water use in the supply
network. The value of this indicator is found to be the lowest in 2008 and stable between 2011 and
2014 accounting for over 70% of household water demand (see Figure 2c).

Figure 2. Water supply, demand and loss characteristics between 2006 and 2014. (a) Water supply,
demand and loss (m3); (b) Water loss to supply ratio and water loss to demand ratio; (c) Water loss to
residential demand ratio.
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4.2. ARIMA Demand and Supply Forecasting Results

After analyzing the water demand categories, supply sources and water loss amounts, it is
important analyze the future of water demand and supply and the gap between these parameters
in the long run. Therefore, the authors developed the ARIMA based time series forecasting model
covering the period between 2015 and 2018. First, Figure 3a presents the testing data for ARIMA fit
versus actual data between 2007 and 2014. The results showed that ARIMA model outputs and actual
data have a good fit for the testing period. To understand the error between ARIMA outputs and
actual data, the mean absolute percentage error (MAPE) is used as a statistical error check parameter.
The MAPE results are presented in Table 3 for three estimates: demand, supply, and supply without
pipeline projects. Based on the study findings, MAPE is calculated as 6.30 for demand forecast.

Table 3. MAPE values of demand and supply forecasts.

Demand Supply Supply Without Pipeline Projects

MAPE 6.30 2.57 5.82

After testing the ARIMA model, the forecasting results are presented in Figure 3b. The forecasting
results are illustrated for three estimates: upper limit, normal forecast and upper limit. This illustration
helped us to reflect inherent uncertainties for forecasting outcomes. According to results, in 2018, the
total water demand of city reached 7.72 × 108 m3 for the upper limit forecast, 5.82 × 108 m3 for the
normal forecast, and 3.91 × 108 m3 for the lower limit forecast. For the upper limit demand forecast,
the net water consumption is expected to increase 1.32 times when compared to 2014 levels. For normal
forecast value, this value is found to be similar to the water demand in 2014. Between 2015 and 2018,
the upper limit forecast of water demand is ranged between 6.77 × 108 m3 and 7.72 × 108 m3.

Figure 3. ARIMA forecasting results for water demand (m3). (a) Actual demand versus ARIMA fit;
(b) Demand forecasting data for upper, normal and lower limits.
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In addition to water demand forecasting, the water supply forecasting results are also presented
in Figure 4. Similar to demand forecasting, first, the ARIMA fit versus actual supply data between 2007
and 2014 is illustrated. The findings showed that the ARIMA forecast and real data have a good fit and
little fluctuations are observed between actual data and ARIMA outputs. To estimate the error between
ARIMA fits and actual data, MAPE is utilized. According to the findings, MAPE is calculated as 2.57.
Hence, it is observed that water supply forecast has a better performance than the water demand
forecast for testing data (see Table 3).

After testing the ARIMA model for supply data, the forecasting results are also illustrated in
Figure 4b. Similar to water demand forecast, the forecasting results are visualized for three estimates
such as upper limit, normal forecast, and upper limit. Based on the results, for the year 2018, the total
water supplied to Istanbul is expected to reach to 1.11 × 109 m3 for upper limit forecast, 1.02 × 109 m3

for normal forecast, and 9.25 × 108 m3 for lower limit forecast. For the upper limit supply forecast, the
net water supply is expected to increase 1.21 times in comparison with the net supply in 2014. When
we look at the normal forecast value, it is observed that this value is found to be 1.1 times more than
the water supply in 2014. Between 2015 and 2018, the normal forecast of supply is ranged between
9.48 × 108 m3 and 1.02 × 109 m3.

Figure 4. ARIMA forecasting results for water supply (m3). (a) Actual supply versus ARIMA fit;
(b) Supply forecasting data for upper, normal and lower limits.

Figure 5a shows the water demand and supply forecasts for the period between 2015 and 2018.
The forecasting results are presented for three estimates: upper limit, normal forecast, and lower limit.
The results presented in Figure 5a are based on water supplied to city with the Sakarya and Melen
regulator projects. The forecasting results showed that supplied water in 2018 is able meet the water
demand in this year. This result is found to be valid for both upper and lower limit forecasts and
in both conditions, water supplied to city is significantly greater than the water demand in Istanbul.
In 2018, the lower limit forecast of supplied water is found to be 1.19 times higher than the upper
limit forecast of water demand. Furthermore, the lower limit forecast of water supply is 1.58 times
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greater than the normal forecast of water demand. Therefore, it is likely to conclude that the city is not
expected to have a water shortage to meet the demand if the water supply is not affected by unforeseen
environmental and climatic conditions.

Although Figure 5a presents the estimates of water demand and supply amounts, it is still
important to see the future of city water supply without pipeline projects. The findings revealed
interesting insights and show that for upper limit forecasts, the water supply is found to be quite
larger than water demand until 2018. On the other hand, upper limit demand forecast values are
getting closer to lower limit supply forecast values. In 2018, the value of lower limit supply forecast is
found to be 8.43 × 108 m3 and the upper limit demand forecasting is calculated as 7.72 × 108 m3 (see
Figure 5b). Therefore, it is important to note that pipeline projects might be highly critical for meeting
the increasing city water demand. Without these projects, the city may suffer from water shortage in
the near future. This case might also bring unforeseen risks for sustainable supply of city water due to
fact that any conflict between neighboring cities can result in serious disputes related to water trade
between Istanbul and water exporter cities.

Figure 5. ARIMA forecasting results for water demand and supply. (a) Demand versus supply (m3);
(b) demand versus supply without regulators (m3).

5. Conclusions and Recommendations

This research is a first and critical attempt towards understanding the present and future of water
demand and supply capacity of Istanbul and developing a time-series demand and supply forecasting
model for sustainability of urban water management policies. Although water continues to become a
highly critical and scarce resource for cities, there is unfortunately a little research done for analyzing
the long-term sustainability of urban water management in Istanbul. Especially, by investigating
the main demand categories and supply sources, the findings will guide the city decision makers to
identify main areas that need an urgent attention in the long run. In addition, forecasting the future
water demand and supply amounts, the decision makers will be able to assess the effectiveness of
their water conversation and supply policies which can lead to management of the city water in a
sustainable way. Hence, the methodology applied in this paper can be a practical framework for other
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metropolitan cities towards achieving sustainable urban water management. Overall, the findings of
the current research highlighted the following points:

The residential water consumption is found to be dominant accounting for approximately 80% of
city water use. Hence, giving a high priority for reducing household water use and incentives for
water efficient household equipment can be listed among the sound water reduction strategies.
Specific to Istanbul, the water use related to industrial, commercial and agricultural activities
are comparatively lower than residential use, and the importance of water reduction polices
addressing these activities are not likely to diminish the net water demand of the city as much
as policies addressing reductions in residential use. The water efficiency related targets can be
achieved by using a range of water efficient components in toilets, showers, kitchen taps, basin
taps, dishwashers, washing machines, and baths and the importance of using water efficient
equipment and residential water conservation strategies and their impacts are widely discussed
in the literature [28–30].
The total water supplied to Istanbul is largely supplied by dams located in the city. This indicates
that city’s water supply is highly sensitive to changing climatic conditions and rainfall patters.
As we are facing with dangerous climate change worldwide, the impacts of global climate change
might affect the long-term sustainability of water supplied from the dams. This is because
high temperatures and drought are able to bring water reserves to low levels in city dams.
Although the municipality built pipeline projects in order to supply additional water to city
from neighboring cities, this case can also create conflicts between Istanbul and water exporters.
Political conflicts or unexpected water shortages in neighboring cities can be risk for Istanbul
when supplying water from Sakarya and Melen regulators. The forecasting results also showed
that the city might not meet with the future demand without these pipeline projects. Hence, it is
likely to conclude that the water supply of Istanbul might be subject to important risks in the
upcoming decades.
The water sustainability metrics that are used in this research also revealed important insights
regarding water loss characteristics of Istanbul. First, water loss to demand ratio showed that
in 2011 and 2014, the total water loss accounts for around 60% of total water used in Istanbul.
In other words, the city wasted more than 50% of the residential water due to deficiencies in
the water delivery infrastructure. Although city planners seek to minimize the water use in
households, the distribution loss remained another critical area needs an urgent attention to
reduce the demand on clean water as well as additional water supply. Hence, reducing the water
loss should be priority area for decision makers for sustainable future of the urban water and the
significance of several water loss reduction strategies and investments are discussed in previous
studies [31–33]. However, high upfront investment needs to improve the current water supply
network and having historical ruins preventing new underground infrastructure projects are
listed among the main obstacles for city decision makers.
The authors urge that the water supply of water in Istanbul is primarily dependent on dams
and therefore the amount of water stored in dams will be critical to supply enough water to city.
Especially, the fluctuations in stored water in city dams are enormously high which can lead to
problematic cases for certain periods. At this point, it is not sustainable for Istanbul to continue
with its current water loss ratio ranging between 35% and 37%. In 2014, the Turkish government
representatives proposed the first official regulation for water loss control. Starting from 2014,
decreasing the water loss has become mandatory for the water utilities in Turkey. In addition,
according to the 10th Development Plan of Turkey covering the period between 2014 and 2018,
preventing water losses will be a main priority of Turkish government [34,35]. The findings of
this paper revealed that water loss in distribution network is still high and continues to result in
huge economic losses for the city. Although policies addressing residential water reduction are
among the top agenda items in a sustainable urban water management, the investments for the
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renovation of the water distribution network infrastructure should also have a similar priority in
order to minimize the net water consumption effectively.

It should be kept in mind that current research is based on the limited dataset covering the period
from 2006 to 2014. Although this work is a first attempt toward developing water supply and demand
projection model for Istanbul, there is obviously further research needs on working with the long-term
data series and addressing uncertainties in water supply and demand variables. For instance, the
supply of water is highly dependent on the rainfall patters and temperature increases that are expected
to have considerable fluctuations over the next decade. In addition, rising investments through
mega-projects such as construction of The Yavuz Sultan Selim Bridge, The Third Airport with 150
million passenger capacities and The New City Project have a strong potential for increasing the city
population as well as demand for clean water in the near future. Hence, much more attention should
be given to probabilistic forecasting methods in order to reflect the role of uncertainty in future supply
and demand forecasts of water in Istanbul [6,36]. In addition, real time water demand and supply
tracking and management of city water through information technology (IT) are likely to be inevitable
in the future and the importance of the algorithm-based IT applications and knowledge-based urban
development is highlighted in the previous studies [37,38].

Last but not least, the traditional forecasting models including multivariate regression analysis,
ARIMA, as well as more advanced models including soft computing, expert systems and artificial
neural networks are mostly utilized for both short and long-term water supply and demand forecasts.
However, these forecasting models are usually looking at cause and effect relationship without
considering the dynamic complex interactions between the parameters of water demand and supply
such as income level, water demand rate, increasing temperature, etc. Therefore, for future research,
the authors suggest to model the water supply and demand projections of Istanbul using the system
dynamics approach. In this way, the model will be able to take into account the interactions among
economic and social dimensions, offering a realistic platform for practical use for sustainable urban
water management by city-planners [39–42].
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Abstract: Rapid urbanization, improved quality of life, and diversified lifestyle options have
collectively led to an escalation in housing demand in our cities, where residential areas, as the largest
portion of urban land use type, play a critical role in the formation of sustainable cities. To date there
has been limited research to ascertain residential development layouts that provide a more sustainable
urban outcome. This paper aims to evaluate and compare sustainability levels of residential types by
focusing on their layouts. The paper scrutinizes three different development types in a developing
country context—i.e., subdivision, piecemeal, and master-planned developments. This study develops
a “Neighborhood Sustainability Assessment” tool and applies it to compare their sustainability levels
in Ipoh, Malaysia. The analysis finds that the master-planned development, amongst the investigated
case studies, possesses the potential to produce higher levels of sustainability outcomes. The results
reveal insights and evidence for policymakers, planners, development agencies and researchers;
advocate further studies on neighborhood-level sustainability analysis, and; emphasize the need for
collective efforts and an effective process in achieving neighborhood sustainability and sustainable
city formation.

Keywords: sustainability assessment; sustainable urban development; neighborhood sustainability;
neighborhood sustainability assessment index; sustainable city; Ipoh; Malaysia

1. Introduction and Background

Sustainability has been a contested concept with many definitions since Brundtland report and
hardly any consensus over a single term that can facilitate an easy measurement of the concept [1,2].
Consequently, the concept has been expanded with various disciplinary scopes [3,4]. In this paper,
neighborhood sustainability is defined as the process of developing a neighborhood level urban
form or built environment that meets the needs of its residents whilst avoiding unacceptable social
and environmental impacts both locally and in a broader context [5]. By urban form, we refer to
the spatial distributions of different land uses connected together with physical infrastructures and
associated transport networks [6]. The way these features are distributed within a neighborhood has
profound impact on sustainability both locally and globally. For example, research has shown that
the availability of goods and services (e.g., diverse land uses) within local areas enables residents
to participate fully in society (i.e., meets the local needs for jobs, recreation, social, health activities),
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and in turn, contributes to economic and social sustainability locally [7]. In contrast, a lack of local
opportunities encourages motorized travel and thereby affects the environmental sustainability both
locally (e.g., noise, habitat fragmentation, increased impervious surface and consequent damages in
water quality and the formation of urban heat island) and globally (e.g., air pollution and climate
change) [8,9]. Therefore, different urban forms contribute differently to sustainability and research
studies around the globe have indicated that the built environment is the most promising sector for a
rapid transition to sustainability [10].

The need for a sustainable urban form at the local level has long been advocated by the United
Nations [11] through its “Local Agenda 21” programs. Neighborhoods are considered as the building
blocks of cities where most development (e.g., new buildings) takes place, and therefore, the overall
sustainability of a city depends on the sustainability of its neighborhood [12]. However, past studies
on sustainability assessment have focused on either the city level e.g., [13,14] or building level e.g., [15];
whereas the assessment of neighborhood sustainability, an intermediate level, has received very little
attention in general and in the context of developing countries in particular [10,16].

Limited research to-date suggests that sustainable neighborhoods have a significant positive
impact on property prices [17], and that people living in sustainable neighborhoods are happier [18]
and enjoy a better quality of life and place [13]. Consequently, neighborhoods are increasingly gaining
attention as planning units of great potential for contribution to sustainable urban development [19].
At the same time, an increasing urge for tools to assess their sustainability is recorded worldwide [10].
Neighborhood sustainability assessment (NSA) tools are defined as a set of criteria and themes; and are
used to: (a) Evaluate and rate the performance of a given neighborhood; (b) Assess the neighborhoods’
position on the way towards sustainability, and; (c) Specify the extent of neighborhoods’ success in
approaching sustainability goals [16].

NSA tools have conveniently been used to benchmark the sustainable efficiency of neighborhood
developments [20]. For example, Han et al. [21] estimated sustainability level of an eco-community (i.e.,
Xihe in China), and found that it achieved only a moderate sustainability level despite the community
was built to become a sustainable neighborhood. NSA tools have also been used to provide greenness
certificates of neighborhoods by respective authorities [17,22]. Using a NSA tool, Li et al. [23] compared
the sustainability levels of 52 mining communities and found that four of them have reached a strong
level of sustainability, 11 have achieved a satisfactory level, and the remaining 37 are still weak in their
sustainability endeavors. More importantly, the availability of a NSA tool helps authorities to focus
development towards sustainable outcomes. For example, after analyzing 19 housing developments
throughout England, Smith et al. [22] found that in the absence of appropriate NSA tools, even where
there is a desire to create a more sustainable solution, many schemes are falling short of their potential.

A number of NSA tools are currently operational around the world. The well-known ones include
but not limited to the followings: LEED ND, UK; BREEAM for Communities, UK; CASBEE-UD,
Japan; ECC, USA; HQE2R, European Union; Ecocity, European Union; SCR, Australia; QSAS, Qatar;
Green Mark for Districts, Singapore; NSF, New Zealand; HK-BEAM, Hong Kong; EcoEffect, Sweden;
EcoProfile, Norway, and; Escale, France (see, [10,16,20,22] for a review). These tools have broadly been
categorized into: (a) Third-party assessment tools, which are spin-offs of building assessment tools and
assess the sustainability beyond a single building (see, [22]), and; (b) Tools, which are embedded into
neighborhood-scale plans and sustainability initiatives to assess their sustainability performance [16].
After critical reviews of these tools, researchers have raised several concerns about their methodology,
applicability and transferability to another context. Sharifi and Murayama [16] found that most of
them are weak in taking into account the different dimensions of sustainability (e.g., economic, social,
environmental, and institutional). They have also noted that most of these tools possess ambiguities
in terms of criteria weighting, scoring, and rating system with no mechanism for local adaptability
and participation.

Furthermore, the transferability of NSA tools has been questioned particularly with respect to the
selection of sustainability assessment criteria [24]. This is particularly true in case of new residential
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development. For example, Säynäjoki et al. [20] assessed the applicability of the LEED-ND, BREEAM
for Communities, and CASBEE-UD tools in the context of new residential development in Finland
and found that the consideration of some of the suggested mandatory criteria of the tools are not
feasible and relevant in the local context. In addition, many internationally available NSA tools do not
sufficiently explain how and why the criteria were chosen, and the methodology used to determine the
requirements is also not clear [20]. For example, Smith et al. [22] have identified that the inclusion of
landscape related criteria are often ignored in these tools. The issue of transferability exacerbates due
to the complexity associated with defining a neighborhood in different contexts [10]. These findings
imply that any realistic and reliable assessment should take account of the specificities of local context
and varying needs of different stakeholders [19].

The quest for sustainability of residential neighborhoods is more than a century old [25], and
mostly relates to integrating land use, transport systems and the environment [26–28]. The Garden
City movement led by Sir Ebenezer Howard is considered as an early initiative and emerged as
a response to unsustainable condition of the then residential neighborhoods; and consequently,
the concept of the three magnets was developed to combine the nature and environment with
economic and social life [29]. Since then various neighborhood development models have emerged
and practiced in different contexts and branded as, for example, cohousing, the common interest
development, the gated community, the smart community, traditional neighborhoods, neo-traditional
neighborhoods, conventional suburban neighborhood, eco-community, ranchette development,
subdivision development, piecemeal development, and master-planned development [21,25,30–32].
Although the main purpose of all these models is to provide housing, their urban forms differ
significantly, particularly in terms of layout design (e.g., density, street network, pedestrian access to
transit and commercial stores, land use mix, gardens, parks and other attributes that characterizes
spaces between homes) [30,33]. Relatively recent research has shown that these features significantly
contribute to sustainable urban development [34,35]. Although a residential neighborhood is an
outcome of the synergy and combination of these individual features, scant evidence was found in
the literature investigating the overall impacts of these residential models on sustainability. Rather
research studies to date have focused on analyzing the sustainability of two broad classes of urban
forms—i.e., compact and sprawling developments. As a result, a growing interest is evident in the
literature on the increased importance of identifying various urban form typologies and their inter-
and intra-urban scale interactions [36].

Against the backdrop of above urgencies, Frame and Vale [35] (p. 287) have stated that “there is a
dearth of design and assessment tools for the residential built environment and of indicators to monitor
progress towards sustainable development”. House building industries have already been criticized
for their “build and walk away” trading ethos where the emphasis is predominantly on manufacturing
rather than design and planning, and thereby, very little response to the sustainability agenda [25].
The problem is even more severe in the context of developing countries where most of the residential
development models are borrowed from the developed nation and are being implemented and
marketed as sustainable model without being assessed their sustainability outcome in a local setting [37,
38]. A World Bank report shows that some 90% of global urban growth now takes place in developing
countries—and between the years 2000 and 2030, developing countries are projected to triple their
entire built-up urban areas [39]. This unprecedented urban growth possesses great concerns for
policymakers on how to steer growth in a sustainable way in future, because urban growth is attractive
as it leads economic growth of cities [14,40]. Despite some similarities in sustainability principles
of neighborhoods between developed and developing countries, the differences are even larger
and the resources to deal with them are considerably scarce in developing countries. Nevertheless,
the urbanization can provide an opportunity for developing countries by practicing sustainability
principles in their residential developments and thereby avoiding problems that experienced by the
developed nations [41].
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The research reported in this paper aims to contribute to the efforts in bridging the sustainability
assessment knowledge gap by investigating the sustainability outcomes of three popular residential
development models (i.e., subdivision, piecemeal, and master-planned developments) from an
exemplar developing country context—i.e., Malaysia. This way the paper contributes to the
sustainability assessment literature in the mostly neglected geographic lacuna of developing countries.
Malaysia is a representative case study from the developing country context as it has been suffering
from high population increase, rural to urban migration, and deforestation with major causes from
large-scale land development, mining and dam construction and logging. Much like the rest of
the developing countries, these have caused loss of biodiversity, erosion, wildlife being threatened,
siltation of rivers and water pollution. As stated by Sumiani et al. [42], “Malaysia, being one of the
Asian countries that is rapidly developing, increasingly facing the tension between the economic
incentives and the claim for ethical consciousness with regard to accounting for the environment”
(p. 897).

The study develops a NSA tool to assess and/or compare sustainability levels of abovementioned
residential development models. The main rationale behind developing a new assessment tool is to
factor in local characteristics most appropriately—by involving a mixture of local and international
experts in the formation of the tool—in sustainability evaluation, and thus provide a more reliable
output to inform decision makers for effective and efficient actions and solutions. The tool is not only
helpful in assessing the sustainability of current practices, but also potentially can act as an integrated
residential design and development guide and expedites a fundamental shift in where and how people
live in developing countries.

2. Literature Review

2.1. Neighborhood Sustainability Assessment Frameworks and Tools

Few studies have indicated that a good NSA tool should possess the following characteristics:
(a) Sustainability coverage—consideration of the major themes of sustainability of neighborhoods
based on which their performance to be measured in a comprehensive and integrated way;
(b) Inclusion of pre-requisites—benchmark strategies to assure the achievement of a certain level
of performance; (c) Adaptation to locality—consideration of the context-specific needs and priorities in
the assessments; (d) Scoring and weighting—rigorous methods to be used to score and weigh different
criteria; (e) Participation—mechanisms to involve different stakeholders during the development and
operational stages; (f) Presentation of results—reporting of assessment results in a way meaningful to
decision makers, and; (g) Applicability—practicability of the NSA tools and strategies to increase their
applicability (see [16,23]). Gibson et al. [43] provides a similar criteria and processes for sustainability
assessment. Furthermore, Reith and Orova [44] provide an extensive comparison of the existing
five assessment systems, CASBEE-UD, the 2009 and 2012 versions of the BREEAM Communities,
LEED-ND, and DGNB-UD. They criticize these tools by stating, certain areas of sustainable urban
development are not covered or do not get enough attention by the NSA systems, thus, further studies
can discuss the possibilities and methods for including new indicators that broaden their coverage area.

2.1.1. Themes and Coverages

Themes are considered as the high-level issues or concerns of sustainability. Common themes of
neighborhood-wide sustainability assessment includes building energy and water efficiency, energy
production and supply, water and waste management systems, transportation solutions and footpaths
that discourage personal car-use, promote walking and cycling, connectivity, urban density, site
ecology, mixed use, health and well-being (e.g., quality of life of residents), and involvement of the
public [20,22]. Again, each theme can have one or more criteria to evaluate. Each criterion including
context-specific criteria has, in turn, one or more indicators, which are variables that provide specific
measurements [16].
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2.1.2. Indicators and Indices

Three levels of indicators are used in NSA tools, which correspond to the level of themes—i.e.,
individual indicator; thematic indicators; and composite indicators [23]. Individual indicators form the
first step in aggregating quantitative information. They include large lists of indicators covering a wide
range of issues to improve the integration of environmental concerns into policies. Thematic indicators
are individual indicators grouped around a specific theme. Composite indicators are formed when
thematic indicators are compiled into a synthetic index, and presented as a single composite measure.

Five important characteristics of the different indicators used in the NSA tool include: (a) Policy
relevance (monitor key outcomes, policy or legislation and measure progress towards goals); (b)
Analytical validity (accessible and measurable, clearly defined and reproducible, representative of
the system being assessed); (c) Systematic (capture systems information, including system variables,
system levels and component systems); (d) Simplicity and operability (unambiguous, understandable,
practical, clearly display the extent of the sustainability, appeal to the public and reflect the interests
of different stakeholders, contain as few indicators as possible, but no fewer than necessary), and; (e)
Cost effectiveness (require a limited number of parameters to be established, use existing data and
information wherever possible) [23].

The process used to develop sustainability indicators has been debated in the literature—from the
top, initiated primarily by governments and based on expert input (expert-led), or from the bottom
(citizen-led) drawing on local networks and involving the public voice. These tensions between
expert-led versus citizen-led processes of sustainability assessment seemed to be solved through the
integration of the two approaches—so called joined-up approach. Finally, previous research has
also shown that the assessor, his/her point of view and time of assessment often play a prime role
in the assessment results, because they influence the criteria and benchmarks that are considered.
Consequently, a transparent, objective and plural (or promoted in a multi-agent contest) assessment
has recently been found necessary [10]. In addition to the indicator development process, citizens can
also involve in the development of NSA tools in other three stages. Firstly, at the time of defining the
sustainability targets and identifying the core criteria and indicators are going to be assessed. Secondly
is during weighing different criteria. Having a consensus based weighting for different categories of
indicators, can improve the assessment process. Finally, citizens can participate by providing feedbacks
that help planners update the system [16].

2.1.3. Criteria Scoring, Weighting, Normalization, and Aggregation

Criteria scoring and weighting are often a controversial issue in the NSA process [22]. Criteria
weighting implies the significance of a criterion amongst all the criteria used within a theme despite
this has been identified to be an extremely difficult task and involves subjectivity. This subjectivity
also frequently holds during the scoring process of a criterion. The subjectivity associated with
scoring and weighting of different criteria has made this practice vulnerable to ambiguity. When
subjectivity exists, research studies often used an expert-led approach such the Analytic Hierarchy
Process [21,23]; and Delphi [21]. Recently, studies have highlighted that a consensus-based approach
is helpful in such a situation in order enhance the transparency, which is pointed out to be an essential
characteristic of scoring and weighting systems [16]. Standardization or normalization of criteria
score is also a common practice in the NSA process, which helps to make the criteria comparable.
Different normalization techniques have been used in the literature including standard deviation,
min-max, categorical scale, and above and below mean [21,45]. In the NSA system, the weighted
sum method is usually used for the derivation (aggregation) of composite or thematic scores based
on normalized criteria scores and criteria weights [21,22]. Sometimes, the composite score is again
classified (e.g., equal interval classification) to denote the level of sustainability of a neighborhood in a
more understandable Likert-scale format (e.g., excellent, good, average, poor, bad) [21,23].
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2.2. Characteristics of Residential Development Models

This section reviews literature on the sustainability issues of residential development types or
models. However, the review is limited to only the three types of models that were adopted as case
studies in this research—i.e., piecemeal, subdivision and master-planned developments. Piecemeal
development refers to houses that are developed in a piecemeal way and adds to the existing building
clusters of a neighborhood. These are small-scale residential construction on vacant lot or a series of
lots adjacent to existing residential development [46]. Such development takes the form of duplex,
triplex or quadruplex on a single lot or single-family houses or townhouses on a number of lots. These
provide potential buyers with a variety of options, vitality, viability and access to existing facilities
such as schools, parks and emergency services. A major difference between piecemeal developments
and infill developments is that the former bears no formal objectives of infill development [47]. Such
an objective is important to create a complete, well-functioning neighborhood, and with attention to
the essential design elements that fits the existing context in order to gain neighborhood acceptance.
Piecemeal development is often not considered as a desirable feature for a neighborhood, because it
lacks the coherence of a neighborhood. However, many argue that such limitation can be overcome
with proper planning; and thereby, piecemeal development provides opportunities for residents to live
close to existing amenities and workplace and consequently support local commercial establishments.

Residential subdivision refers to the division of a land into two or more residential lots, permitting
the construction of buildings as stipulated in the building codes. Residential subdivisions take a
number of different forms, ranging from large lots (over 0.4 ha), standard lots (0.27 ha), and small
lots (less than 450 m2) [48]. Developers of a subdivided lot usually provide infrastructure to the lot
including streets, sewers, and water mains [49]. Standard subdivisions involve sub-dividing a site
with the primary goal of maximizing the number of lots conditional on local regulations. However,
such arrangements disregard site-specific features and thereby, detrimental to natural landscape.
An alternative is to subdivide a certain portion of land for residential development and keeping
aside the remaining lands to protect natural areas and green spaces [50]. However, the appeal of
subdivision development lies to its low-density arrangements that provide rural style living, flexible
building-design with increased privacy.

Master-planned developments are defined as large scale integrated housing developments
on large tracts of undeveloped, suburban green field land, with mixed housing types, landscape,
recreational, commercial, and service facilities [51]. They are developed based on a mechanism of
planning control over an entire project site, underpinned by a particular vision for the completed
development [52]. Located on the growth frontier of a city’s fringe, they sometimes occur on renewal
or infill sites, whose essential features include a definable boundary and fairly uniform character [53].
A master-planned development, also referred as master-planned estate or community, requires a larger
land for development—in Malaysia usually larger than 800 ha—and includes a balanced mix of land
uses for residents to live, work, shop, play, and learn [53,54].

Although a master-planned development provides better amenities that support sustainability
compared to piecemeal and subdivision developments, there are buyers who do not opt to buy
houses under the master-planned concept for variety of reasons. For instance, although the increased
density is compensated for by high quality physical infrastructures and amenities in a master-planned
development [52], it has invited criticism relating to loss of privacy and private space. Even though
living in an enclosed community can create strong bonding between residents and increase support
for each other, it can also create social exclusion with people outside of their boundaries [55]. In terms
of socioeconomic characteristics, Ross et al. [56] point out that residential segregation by income
could promote distrust between groups and decline in overall social connection within communities.
Such segregation, no matter how subtle, has the tendency to undermine social cohesion as well as
increase social exclusion and is, therefore, detrimental to achieving a socially sustainable society [57].
These issues have been reported to be limited in subdivision developments where the distribution
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of dwellings is more dispersed and less compact compared to master-planned, which leads to
increased privacy.

The appeal of subdivision developments belongs to its low-density arrangements that offer
attractive, countryside or rural-style living with increased privacy. However, this has huge implications
on the infrastructure and servicing costs, which are increased due to the extensive infrastructure
network and municipal amenities serving residential areas with lower densities. The infrastructure
and associated public facilities that need to coincide with the entire neighborhood pattern cause
inefficiency in the provision. For example, subdivisions that are built further into the countryside not
only diminish the rural character of the entire neighborhood, but also increase automobile related
travel activities, and its associated monetary costs and environmental externalities. It seems that
master-planned developments do not face the critical sustainability issues in a physical context as
much as subdivision developments, but rather in respect of socioeconomic issues.

3. Empirical Investigation

3.1. Overview of Residential Development in the Case Study Context

This research operationalizes a NSA tool using three residential development models selected
from Malaysia as a representative of developing countries. Like most of the other developing countries,
urban population in Malaysia has increased tremendously in the last four decades, from slightly over
five million (38.8% of total population) in 1980 to nearly 20 million (72.2% of total population) in
2010 [58]. During this period, population growth in urban areas had taken place at a much faster rate
than that of rural population. This was largely due to the availability of vast employment opportunities,
which fuelled migration of people from rural areas in searching for better quality of life [59]. Population
migration has become one of the contributing factors to the speedy progress of urbanization, in the
form of rapid development of residential neighborhoods to accommodate the increasing number of
urban dwellers. In addition, the expansions of city-regions, increases in the standard of living, and
changing lifestyles have collectively led to an increase in housing demand. New residential areas
are encroaching onto city fringes towards suburban and green field areas. Both large and small-scale
developers have been actively building dwellings in these areas ranging from a few blocks to large
master-planned style projects. These residential developments, particularly in major urban areas,
represent a large portion of urban land use in Malaysia, and, thus, have become a major contributor to
overall urban (un)sustainability. Amongst the various types of residential development, three types
have been found to be dominant in prior studies including subdivision, piecemeal, and master-planned
developments [60,61]. Table 1 lists the salient characteristics of these developments.

In Malaysia, both piecemeal and subdivision residential developments occur in an ad-hoc manner
in the absence of an overall blueprint plan for the residential zone with a minimum development size
of 0.4 ha. Master-planned developments on the other hand are based on pre-drawn overall master plan
or blueprint plans, typically with a minimum development size of 100 ha. The small-scale piecemeal
and subdivision residential developments have created disadvantages to residents because developers
can get away from providing basic amenities (such as open spaces and community center), should the
number of dwellings fall under 30 units [62]. In contrast, master-planned developments (relatively large
in scale) have to provide the necessary amenities as required by the planning standards. Sustainable
urban development practice in our case developing country context of Malaysia is extensively reported
in the literature [63–68]. Rather than repeating what have been already said, we focus on residential
sustainability assessment in a case study location in Malaysia.
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Table 1. Salient characteristics of residential development types in Malaysia.

Subdivision Development Piecemeal Development
Master-Planned

Development

Location Suburban area City fringes Greenfields
Development size Minimum 0.4 ha Minimum 0.4 ha Between 100 and 500 ha

Layout plans
prepared by

Local planning authorities
and private developers

Small scale private
developers

Large scale private
developers

Sale type Vacant lot for single
dwelling

Lot and building as
completed house units

Lot and building as
completed house units

Type of houses Detached dwelling Detached, semi-detached,
terrace dwellings

Detached, semi-detached,
terrace dwellings

Provision of
amenities

Not required if less than 30
dwellings

Not required if less than 30
dwellings

Provided by developers as
per planning guidelines

House design and
construction Buyers Developers Developers

Planning control General development
guidelines

General development
guidelines

General and master-planned
estate specific guidelines

3.2. Selection of Case Studies

The research develops a NSA tool to evaluate the sustainability of three most common residential
development models from Malaysia. To operationalize the NSA tool, this study requires three
representative residential developments, one from each development model type—i.e., subdivision,
piecemeal, and master-planned. The following criteria were used for the selection of case studies:
(a) Located in the same local government area—to make sure they are subjected to the same planning
and development regulations, and also have access to the same municipal services and amenities;
(b) An appropriate case of the residential development type—to make sure the representativeness
of each cases; (c) Have a minimum of 80% completion and take up rate—to make sure the maturity
of developments—and; (d) Have data and information availability, local council support and
body corporation collaboration with the research team—to make sure access to adequate data for
a sound analysis. After a thorough examination of the potential cases all across Malaysia, we
selected the following three residential developments from Ipoh City, Perak, Malaysia (Figure 1)—i.e.,
Kampung Tersusun Batu 5 (subdivision development), Taman Canning or Canning Garden (piecemeal
development), and Bandar Seri Botani (master-planned development).

Figure 1. Location of the case study areas in Malaysia.
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3.2.1. Subdivision Development

The first case study is a subdivision development, named “Kampung Tersusun Batu 5”, located
about 5 km to the Northeast of Ipoh (Figure 1). This is a 96.5 ha standard subdivision layout
development that sits on a flat area of land bounded by a local highway and pockets of other residential
development. The case study comprises 1181 parcels of single story detached houses and associated
amenities including pockets of neighborhood parks, open spaces, shop lots and places of worship,
and a primary school. The residential parcels were drawn up by the local planning authority in 1998
and were sold to individuals who then built their own houses, subject to local planning standards
and guidelines. The typical parcel size is a 500 m2 rectangular lot shape while corner parcels have
an additional 10%–20% extra space. Owing to the type of dwelling, it has an average density of
14.6 dwellings per ha. In this development site, members of the Malay community own most of the
houses. Figure 2 illustrates the layout and land use of the development.

Figure 2. Land use classification of the subdivision development.

3.2.2. Piecemeal Development

This second case study is a piecemeal development called “Taman Canning or Canning Garden”,
located 3 km to the East of Ipoh (Figure 1). Developed during the mid-1980s, this mixed dwelling
type residential area comprises 1555 residential parcels spread on 100.2 ha of relatively flat land.
Single and double story terrace houses occupy a total of 44% of the residential parcels. Semi-detached
houses occupy 16% of the residential stock, and single story detached houses inhabit 40%. Other land
uses include two centralized neighborhood shop blocks, a farmers market, two primary schools,
a large neighborhood playfield and pockets of neighborhood parks. The site is surrounded by
piecemeal residential developments to the North, military land use to the East and a cemetery to the
South. A federal highway separates the site from a large commercial land use to the East of the site.
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Development of the site took place in a number of stages by three different developers and spanning
over six years. Providing mixed housing options, the site is occupied by the mixed ethnic and cultural
groups (i.e., Malay, Chinese, and Indian) and socioeconomic backgrounds. The typical parcel size
is 500 m2 for a detached house, 240 m2 for a semi-detached house, and 185 m2 for a terrace house.
The high number of terrace houses contributes to its higher average density of 28.3 dwellings per ha.
Figure 3 displays the layout and land use of the development.

Figure 3. Land use classification of the piecemeal development.

3.2.3. Master-Planned Development

The final case study area sits on a 108 ha former oil palm plantation located 7 km to the South
of Ipoh (Figure 1). This is a typical example of large-scale integrated green field development that
exists all across Malaysia. This case occupies the first of a three-phase, large 312 ha, self-sustained
residential, and light industrial master-planned development project. A total of 74.6 ha (69.2%) of the
case study site is allocated to residential and supporting uses including neighborhood parks, roads
and public amenities. A commercial precinct, a large local park and an education precinct present the
next significant land uses. With an estimated population of 9048 residing in 2262 residential dwellings
(1928 terrace houses and 334 semi-detached houses), it is the largest of the three cases in terms of
physical size, population and number of residential dwellings. Parcel sizes for terraces house range
between 100 and 145 m2, while for semi-detached houses, the parcel size is 300 m2. Being developed
on a green field site, the master-planned development is still surrounded by agricultural land use and
forest areas. Even though the original topography was undulating, the majority of the residential,
commercial and education precincts have been flattened. This is typical of any housing developments
in Malaysia. The purpose of flattening the land is to optimize time and construction cost, especially the
terrace houses dominating the case study landscape. This case study recorded the highest dwelling
density among all cases with an average density of 30.3 dwellings per ha. This is not surprising given
that terrace houses dominate nearly 90% of the development. Figure 4 shows the layout and land use
of the development site.
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Figure 4. Land use classification of the master-planned development.

3.3. Development of a Neighborhood Sustainability Assessment Tool

The research develops a NSA tool to investigate sustainability levels of the selected three
residential development models. A four-step process was followed for the development of the
NSA tool in this research as outlined below.

3.3.1. Formation of a Set of Sustainability Indicators

A thorough review of the literature was conducted in order to identify a pool of relevant indicators
as used in prior studies for the measurement of neighborhood level sustainability. A similar method
was used in a number of previous research studies (e.g., [21,69–74]). The initial search identified a total
of 128 sustainability indicators in three major sustainability categories of environmental, social and
economic (see Table A1). The use of such a vast array of indicators is not uncommon in the literature.
However, Frame and Vale [33] have suggested that the use of such a big number of indicators is
difficult to interpret and integrate. Consequently, the list was reduced to 38 indicators (see Table A2).
In this reduction process, we evaluated each of the 128 indicators based on the criteria of soundness,
measurability, robustness, relevance, resilience, availability, and cost-effectiveness in consideration to
our case study local context [23].

3.3.2. Delphi Study to Select the Most Relevant Indicators and Their Weights

Delphi method is a critical part of the development of indicator base of the NSA tool in order to
make it a local context sensitive tool—in this application local context is Malaysia as a representative
example of developing countries. A three round Delphi study was conducted to select the most
relevant indicators from the originally selected 38 indicators. A total of 60 experts were involved
in the Delphi study—i.e., 29 from Malaysia and 31 from abroad. This balanced distribution of local
and international experts—i.e., almost 50% each—assures both local and universal characteristics
to be factored in the analysis. The representation of such a large number of experts in the Delphi
process was found to be representative of previous studies see [21]. This composition both local
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and international experts also meets the contextual criterion as discussed previously. Given that
sustainability is a complex issue comprising of multiple dimensions, consideration was given to
select the experts from diverse background so that the dimensional issues are properly represented
in the measurement process. The experts were selected from both private and academic sectors
with expertise in urban/environment/social/community planning/science, project management,
architecture/design, housing/neighborhood/transport/infrastructure development, civil engineering,
sustainability assessment, and policymaking. Upon consensus, the three round Delphi study enabled
to reduce the number of indicators from 38 to 18. The indicator reduction process was undertaken as
explained below.

In Round I, the indicator number was brought down from 38 to 24 based on a minimum of
75% expert agreement on the relevance and suitability of indicators. In Round II, the number was
brought down from 24 to 18 based on a minimum of 75% expert agreement on relevance and suitability.
In Round III, experts were given a final chance to reevaluate the shortlisted 24 indicators, and provide
the level of importance of each indicator on a 7-point Likert scale (from “1 = very low” to “7 = very
high”) in terms of their contribution to sustainability in the Malaysian context (see Table A3). The
importance scores are used as weighting of the indicators. The weight of indicators ranges between
4.19 and 6.22, when 24 indicators are considered, and 5.08 and 6.02, when 18 indicators are considered.
This is to say, if a weighting assignment was requested from the experts for the entire indicator pool
(128 indicators) or Round I indicators (38 indicators), the weighting scheme would surely show a
distribution with wider in range. In other words, the current flat weighting scheme has no negative
impact on the reliability of the results. Table 2 lists the categories, indicators, calculation methods,
measurement units of indicators and their weights.
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Table 2. Categories, indicators, measures, units and weights of neighborhood sustainability assessment
(NSA) index.

Categories Indicators Calculations Units Weights

Environmental Land use mix

Total land use mix (LUM) value/Total
parcel area Where total LUM = Σk(pk
ln pk)/ln N, k = Category of land use;
p = proportion of land area devoted

to specific land use; N = # of land
categories

Index value 5.83

Dwelling density

Dwelling units/Residential area
Where: Residential area include

internal street + half width adjoining
access roads)

Dwelling unit Per
ha. 5.27

Impervious surfaces

[Total impervious area (TIA)/Total
neighborhood area] × 100 Where, TIA

= roads, buildings, driveways,
sidewalks, drainage, car parks

Percentage 5.21

Internal connectivity Total Intersections/(Total
Intersections + Cul-de-sac) Index value 5.86

External connectivity Total perimeter length/# entry and
exit points Meter 5.43

Open space provision Total open space/total residents Square meter per
person 6.02

Non-motorized
transport

[Total walkway + cycle length]/total
street length Percentage 5.77

Social

Access to public
transport

(ΣDna/ΣDa) × 100 Where Dna = # of
dwellings located within a 600 m of a

bus stop; Da = Total dwellings
Percentage 5.86

Access to education

(ΣDna/ΣDa) × 100 Where Dna = # of
dwellings located within a 600m of a

educational facility; Da = Total
dwellings

Percentage 5.77

Access to local services

(ΣDna/ΣDa) × 100 Where: Dna = #
of dwellings located within a 600 m of

a local service center; Da = Total
dwellings

Percentage 5.46

Access to recreational
space

(ΣDna/ΣDa) × 100 Where Dna = # of
dwellings located within a 400 m of a

park; Da = Total dwellings
Percentage 5.64

Access to community
centers

(ΣDna/ΣDa) × 100, Where Dna = # of
dwellings located within a 600 m of a

community center; Da = Total
Percentage 5.24

Access to emergency
services

Average response distance from 3
types of emergency services (i.e.,

police, ambulance, fire department)
Kilometers 5.08

Crime prevention and
safety

Total length of blind frontage/total
frontage length Percentage 5.8

Traffic calming Streets segments with traffic safety
measures/total street segments Percentage 5.14

Economic

Commercial
establishment types

Number of diverse types of business
activities Number of types 5.51

Affordable housing Total affordable houses/Total
residential in study area Percentage 5.69

Housing option
diversity

1 − Σ(n/N)2, where n = total
dwelling is a category, N = total

dwellings in all categories
Index value 5.42

In contrast with the rating system, the budget allocation method was applied to generate weight
for the three categories—i.e., environmental, social and economic. The experts in Round II of the
Delphi exercise were given 100 points to distribute across the three categories. The exercise constituted
the following aggregate category scores: 39.27 for environmental category, 33.01 for social category,
and 27.72 for economic category.
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3.3.3. Indicator Scoring

“Land use mix” (LUM) score was derived using an entropy equation developed by Frank et
al. [75] based on five land use classes—i.e., residential, commercial, recreation, education, and public
amenities. The criteria score ranges from 0 to 1 in which a higher score represents a better sustainability.
“Dwelling density” score was calculated based on number of dwelling density located within a unit of
residential land [76]. Like LUM, a higher density represents better sustainability of neighborhoods.
A neighborhood with higher LUM and density reduces car-dependency (thereby less emissions) and
enhances walking and cycling (thereby better health and wellbeing of residents) [77]. “Impervious
surface” area was calculated based on proportion of neighborhood lands covered by impermeable
materials (e.g., roads, buildings, car park, and driveways). A lower value of impervious surface
represents a higher sustainability level. This is due to the fact that an increase of impervious surfaces
result in flash flood due to increased storm-water runoff peaks [35]. “Internal connectivity” refers
to the connectedness between two points within a neighborhood. A higher intersection density
represents higher connectedness and supports walking and thereby more favorable for a sustainable
development whereas a higher cul-de-sac density represents an advance in design efficiency for
automobile movement but a retrograde step in design efficiency for pedestrian or transit movement [78].
“External connectivity” of neighborhood eases its connection with surrounding areas refers to the ease
of street. In this research, external connectivity was calculated by measuring distance between two
entry/exit points around a neighborhood. Therefore, a higher value represents less connectivity in this
measure and consequently a lower level of sustainability. The other two environmental indicators used
in this research are self-explanatory—i.e., “open space provision” and “non-motorized transport”.

In the social dimension, indicators associated with “access to different opportunities and
services” (e.g., public transport) were measured by calculating the percentage of dwelling units
of a neighborhood that are located within a certain distance from respective services as outlined in
Table 2. The distance bands were determined based on the literature. If a higher proportion of dwelling
units are located within the specified distance in a neighborhood, that neighborhood possesses a higher
sustainability level. In contrast, a shorter average response distance from emergency services indicates
a better sustainability level. In this research, the crime prevention through environmental design
principle was adopted to assess sustainability level in the “crime prevention and safety” indicator. As
suggested by Mackay [79], this research used free from blind frontage as the indicator. The amount of
blind frontage was determined by calculating the ratio of blind frontage length to total street frontages.
Therefore, a lower percentage of blind frontages indicate better sustainability of a neighborhood. The
“traffic-calming” indicator was derived as a result of calculating the ratio of street segments that are
equipped with at least a traffic-calming feature [77].

Three criteria were identified to be important by the experts in the economic dimension of
sustainability including the “types of commercial establishments” exist, availability of “affordable
housing”, and the “diversity of housing stock” within a neighborhood. A higher diversity of
commercial establishments and housing stocks represents a higher sustainability of neighborhoods.
Housing affordability was determined based on the local context and affordable house price was
considered between RM 50,000 and RM 60,000—about US$14,000–17,000 [80].

3.3.4. Normalization of the Indicator Scores

The indicator scores were normalized based on the categorical normalization technique [43].
Using the technique, each indicator score was transformed into a numerical scale ranging from 1 to 5.
Indicator values of less than 30% received a normalized scale of 1, indicator values between 30% and
50% received a normalized scale of 2, indicator values between 50% and 70% received a normalized
scale of 3, indicator values between 70% and 90% received a 4, and values of 90% and higher received
a scale of 5.
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3.3.5. Calculating Indicator, Category and a Composite Sustainability Score

The weighted sum aggregation method was used to calculate category sustainability level of each
case study neighborhood Equation (1). The category scores were subsequently aggregated (weighted)
to form a composite sustainability score.

Yj = ∑ WiXi (1)

where Yj is the aggregated score of category j, Xi is the normalized value of indicator i under Yj, Wi is
the weight of indicator i.

4. Results

The results of our empirical analysis backs up the literature findings of master-planned
developments offering a better option for creating sustainable layouts in urban areas [51]. Table 3
displays the raw scores of the indicators, normalized and index scores along with the composite index
scores for the three development types, where these findings are further discussed below.
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4.1. Subdivision Development

The results indicate that subdivision development is ranked second with an index score of 10,610.
Based on the overall normalized indicator scores generated from spatial data analyses, subdivision
development records full score of 5 (very good) on six indicators, score of 4 (good) on one indicators,
score of 3 (acceptable) on three indicator, score of 2 (low) on three indicators and score of 1 (very low)
on five indicators—see the normalized scores in Table 3. The indicator sustainability levels indicate that
subdivision development achieves high sustainability on its seven indicators comprising impervious
surfaces, external connectivity, access to public transport facilities, access to recreational space, access to
community centers, crime prevention and safety, and finally open space provision. On the other hand,
the subdivision development achieves low sustainability level due to lacking in access to education
facilities, access to local services, traffic calming measures, dwelling density, non-motorized transport,
commercial establishment, affordable housing and housing option diversity. The results indicate that
in the Malaysian scenario, subdivision development is still regarded as having a fairly acceptable
level of sustainability, especially in terms of providing for common neighborhood facilities and access
to open space. This is supported by its typically small parcel size configuration of 500 m2, creating
an average density of over 14 dwellings per ha. Such size is much lower than typical subdivision
development lots in the North American or Australian examples [62,81].

4.2. Piecemeal Development

The results show that piecemeal development sits on the third place with an index score of 7734
with a much poorer performance compare to the other two development types. Piecemeal development
records a full score of 5 (very good) on three indicators, score of 4 (good) on three indicators, score
of 3 (acceptable) on one indicator, score of 2 (low) on one indicator and score of 1 (very low) on ten
indicators—see Table 3. Looking at the indicator sustainability levels, the piecemeal development
achieves high sustainability on access to emergency services, commercial establishment, housing
option diversity, dwelling density, non-motorized transport and affordable housing. However, the
piecemeal development achieves low sustainability levels on a majority of its indicators (11 indicators)
namely, crime prevention and safety, land use mix, impervious surfaces, internal connectivity, open
space provision, access to public transport facilities, access to education facilities, access to local
services, access to recreational space, access to community centers, and traffic calming measures.
Within the Malaysian context, the development of residential neighborhoods in a piecemeal approach
is not seen as desirable, because it is considered as lacking in overall planning of the neighborhood that
supports and influence sustainability. This explains why the outcomes of the sustainability assessment
among the three case studies put piecemeal development in third place, after master-planned and
subdivision developments. This is in contrast with the literature findings from the Western experience
suggest that with a proper planning, piecemeal development can become a well-functioning residential
development and provide opportunities for residents to live close to existing amenities and workplace
as well as providing better support for local commercial establishments [82].

4.3. Master-Planned Development

This development type receives the highest index score of 14,233 as the best performing
development site and type. Based on the overall normalized indicator scores generated from spatial
data analyses, master-planned development records a full score of 5 (very good) on 12 indicators, score
of 4 (good) on two indicators, score of 3 (acceptable) on one indicator and score of 1 (very low) on three
indicators—see Table 3. Looking at the indicator sustainability levels, a good sustainability achieved by
the master-planned development is due to its high scores on 14 indicators, which involves large scale
integrated housing developments with mixed of land uses, dwelling density, internal connectivity,
open space provision, non-motorized transport, access to education facilities, access to local services,
access to recreational space, traffic calming measures, commercial establishment, affordable housing,
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housing option diversity, access to public transport facilities and access to community centers. On
the other hand, the master-planned development achieves low sustainability level at three indicators
namely, external connectivity, access to emergency services and crime prevention and safety. Consistent
with the literature [83], the master-planned development concept should be consistently promoted
throughout the country not only because of its good sustainability but also because it serves as a
mechanism of planning control over an entire project site, underpinned by a particular vision for the
completed development. Moreover, sustainable residential design helps to shape strong characters,
identity and perception of a place, and create a distinctive master-planned development community,
which is equally important for market appeal. The results from this study indicate that master-planned
development is the most sustainable neighborhood in Malaysia compared to subdivision and piecemeal
developments. However, the result does not indicate in any way the degree to which master-planned
development layouts is better than the others. This is because the research only seeks to identify which
one of the three types of neighborhood layouts typically found in low-rise residential developments in
Malaysia is the most sustainable. Having said that however, the finding provides justification to the
policy makers and built environment agencies to encourage more future residential neighborhoods to
be developed based on the master-planned concept. This finding also justifies the claims by planners
that such comprehensive development of master-planned development by a single agent has the
advantages of providing greater design flexibility, better neighborhood environments, exclusive open
spaces, and community facilities for the residents [60]. Another reason explaining the higher score
of master-planned development lays in the stringent development control mechanism for large-scale
developments, including residential master-planned development must adhere to, in the form of
an environmental impact assessment (EIA) and social impact assessment (SIA) requirements. EIA
and SIA reports are required for residential development of more than 50 ha. Due to its sheer size,
master-planned development in Malaysia generally fall within this category and are, therefore, subject
to EIA and SIA approval from the relevant Ministries [60]. The reports need to justify that the proposed
master-planned development fulfills the criteria required by the relevant Ministries, which helps to
explain why master-planned development is generally well-developed compared to the smaller size
piecemeal and subdivision developments.

5. Discussion and Concluding Remarks

The literature findings revealed that rapid urbanization has brought environmentally, socially,
and economically great challenges to cities and societies. To build a sustainable neighborhood, these
challenges need to be faced efficiently and successfully. In this regard the first step of action is to
determine the sustainability levels of neighborhoods [84]. From this perspective the literature points
to a number of NSA tools. However, as the critique of these tools suggests they have limitations in
their indicator systems and adaptation in the developing country context is challenging.

This research contributes to the literature in two ways. A primary contribution of this research is
the development of a NSA tool with an intention to be applied in the context of developing countries.
Although there are quite a few NSA tools available in practice, these are built focusing on developed
countries. As a result, their direct applications were found to be difficult in this research (i.e., developing
country context) where the meaning and definition of sustainability vary substantially. For example,
an affordable house in a developed country might be extremely unaffordable in this research. Similarly,
a 1% reduction in car-based travel might be a significant shift towards sustainability in a developed
country whereas this makes no difference in a developing country context where car is not the main
mode of transport. In addition, currently available NSA tools often comprise of numerous indicators
that requires the availability of extensive database to process and operationalize, which are rarely
available to the researchers and/or planning authorities in developing countries. Moreover, research
has highlighted several methodological weaknesses of the existing NSA tools as discussed earlier in
the paper. These issues necessitate the development of a NSA tool suitable to operationalize in the
context of this research.
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The NSA tool was developed focusing on the assessment of certain aspect of a neighborhood in
this research—namely the urban form of differential residential models/types in developing countries.
As a result, the assessment focused only on the design aspects of residential neighborhood types (e.g.,
layout, road network, buildings, and community facilities). Consequently, some important themes
that might be important for other type of assessment were ignored in this research—such as building
energy and water efficiency, water and waste management. The NSA tools developed for this research
contains only 18 criteria/indicators. They were selected based on a 3 round Delphi study involving
both local and international experts. Therefore, although limited in scope, these 18 indicators consist
of the most relevant factors associated with sustainability assessment in the context of this research
as accepted by both local and international communities. This joined-up process thereby reduces the
tensions between expert-led versus citizen-led processes of sustainability assessment in this research.
In addition, the Delphi method reduces the subjectivity of the criteria weighting in this research by
involving both experts and local citizens [21]. The robustness of the applied method was evident in
the sensitivity analysis with no changes in the final results when various combinations of weightings
were tested (e.g., weighting from local expert only, weighting from international expert only, and a
combination of both—not reported in the paper though). Although these findings justify an initial
validity, further research should seek to apply the developed NSA tool in another developing country
context, or perhaps using a different weighting system (e.g., AHP), to investigate its wider validity.

The second major contribution of this research is to assess the sustainability of three prominent
residential development models (i.e., master-planned, subdivision, and piecemeal developments) that
are being adopted in an accelerated rate within the urban fabric of developing countries. Although
residential sustainability is a century old concept and various residential models have been developed
over the years aiming for sustainable outcome, any systematic method to assess an overall residential
sustainability level is almost non-existent in the literature [35]. Unlike this research that incorporates
an overarching framework of assessment, prior studies focuses only on a (or few) specific element of
neighborhood feature (e.g., density) and its influence on certain outcome (e.g., car-ownership). The
findings from this research robustly identified that master-planned communities provide option for
more sustainable living in the context of this research over sub-division and piecemeal developments.
Although these findings are in line with the scant evidence reported in the literature on this topic,
which also justifies the validity of the developed tool, a more rigorous validation process by applying
the tool against a gold standard (e.g., brown/green field development) is warranted. Note also that
despite the results are presented in a quantifiable manner in this research, they represent sustainable
utility/rating of a neighborhood, and therefore, cannot be mathematically traded-off (e.g., type A is
two times better than type B). For example, although the experts rated the availability of open spaces
highly (e.g., 6.02) compared to traffic calming measures (e.g., 5.14), this does not necessarily mean that
one hectare of open spaces can be replaced by adding two traffic calming measure.

Despite master-planned communities out-performed in this research, local practitioners and
policymakers must pay attention to make this neighborhood type more accessible to the wider
communities (e.g., through provisioning of rapid transit system) in order to avoid social exclusion
and car-dependency. Although the performance of piecemeal development was found to be poor, this
research identified that ample opportunities exist to improve the sustainability performance of this
neighborhood type if a focused policy is in place (e.g., in-fill development policy) through, which the
development can be regulated or oriented towards important facilities.

This research develops a NSA tool and provides a comparison of sustainability performance of
three residential neighborhood types. However, it neither provides an assessment of the neighborhoods’
position on the way towards sustainability nor specifies the extent of the neighborhoods’ success
in approaching and achieving sustainability goals. Such assessment requires to set-up benchmark
strategies to assure the achievement of a certain level of performance and the responsibility lies to
the local planning authorities. However, the NSA tool developed in this research can be useful to
serve as an integrated residential design and development guide and expedites a fundamental shift in
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where and how people live in developing countries—which was found to be a third policy related
contribution of this research.

The findings, within Malaysia as a representative context for developing countries, demonstrated
that master-planned development is the most sustainable residential development form followed by
subdivision and piecemeal development models. This provides justification for policymakers and built
environment (planning and development) agencies to encourage future residential neighborhoods to
be developed based on the master-planned concept. The finding substantiates the claims by planners
that such comprehensive development of master-planned estates or communities by a single agent has
the advantages of providing greater design flexibility, better neighborhood environments, exclusive
open spaces, various sustainable development practices, and community facilities for the residents [85].
Unlike many of the developed nations, the concept of master-planned development in Malaysia is still
at its infancy, but the continuing national economic growth has encouraged its conception and wider
practice. Although in our study master-planned development scores a high overall sustainability
ranking in comparison to other two development types, there is surely room for improvement to
increase the sustainability levels further. For example, master-planned development practices can
learn from subdivision development experiences especially with regard to the provision of external
connectivity, crime prevention and safety, and access to emergency services. With regards to the
development of residential neighborhoods in a piecemeal approach, a new innovative strategy is
needed to improve its sustainability level. The findings indicate that this development type is not seen
as a desirable development form in Malaysia and attention needs to be given to the issue of lacking in
overall planning of the neighborhood that supports sustainability.

In terms of research limitations, we highlight some of the critical issues as follows: (a) Sustainable
urban development surely contains more features than of the physical neighborhood features and
layouts that we mainly investigated in this research—especially energy consumption and pollution
generated from each buildings; (b) Although the potential correlation between selected indicators
may not have a significant impact on the results—due to the nature of investigation being a
purely comparative one—it is still important to run appropriate statistical checks; (c) The weighting
assignment is mainly based on Delphi expert suggestions, and alternative methods such as Factor
Analysis can provide alternates; (d) Malaysia may not be a perfect representation for all of the
developing countries—perhaps more suitable case for the developing countries from the Southeast
Asia; (e) Based on three case study investigations, it is not possible to reach to a conclusion and claim
that master-planned developments provide a more sustainable urban development form, and; (f) Direct
replicability of the tool in a different context may be problematic—as the tool requires local experts
contribution along international experts in the development of the indicator base. To address some of
these research limitations and challenges, we are planning to expand our investigation including more
case studies from different cities in Malaysia and other developing countries, incorporating various
other aspects of sustainability in the analysis, such as building energy and water use, transport mode
preferences of residents, recycling, air pollution and other socioeconomic dimensions of sustainability,
and run a number of statistical tests to make sure of the reliability of the results.

Lastly, we underline that sustainability and development are contradicting terms or more correctly
an oxymoron. However, this does not diminish the importance of efforts in minimizing the negative
effects of urbanization in a rapidly developing world. Therefore, as a concluding remark of the paper
we stress the following set of recommendations that are broad, but clearly describe the fundamental
steps of an effective process in making a move towards a more sustainable urban neighborhood
development also see [86]:

(a) Looking for the big picture;
(b) Understanding the sustainability phenomena clearly;
(c) Understanding the drivers of urban sustainability, and determining key factors and indicators;
(d) Collecting and accessing to the relevant data;
(e) Adopting tools and models and modeling the data;
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(f) Defining quality targets for sustainable urban development;
(g) Facilitating the creation of relevant knowledge in the area of sustainable urban development;
(h) Formulating the urbanization policy from a sustainable development perspective;
(i) Changing behaviors and including stakeholder and community views;
(j) Forming collective efforts to develop sustainable urban neighborhoods;
(k) Planning dynamically for sustainable urban development;
(l) Translating the sustainability agenda into a number of strategic initiatives for implementation;
(m) Enhancing the control and monitoring mechanisms, and;
(n) Enabling an iterative policy and plan making process.
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Appendix Appendix

Table A1. Indicator pool related to residential development compiled from the literature.

Indicator Categories Indicators

Environmental indicators related
to residential development

Preferred locations
Population density
Brownfields redevelopment
Use mix
Bicycle network and storage
Average parcel size
Steep slope protection
Developed acres per capita
Site design for habitat or wetland
Conforming dwelling density
Restoration of habitat or wetland
Non-conforming dwelling density
Conservation management for habitat or wetland
Single-family housing share
Walkable streets
Mobile home housing share
Compact development
Multi-family 2–4 housing share
Reduce parking footprint
Multi-family 5+ units housing share
Street network
Group quarters housing share
Tree-lined and shaded streets
Residential water consumption
Certified green building
Residential energy consumption
Building energy efficiency
Population density
Building water efficiency
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Table A1. Cont.

Indicator Categories Indicators

Environmental indicators related
to residential development

Use mix
Water efficient landscaping
Average parcel size
Resource preservation and adaptive reuse
Developed acres per capita
Stormwater management
Conforming dwelling density
Heat island reduction
Non-conforming dwelling density
Solar orientation
Single-family housing share
On-site renewable energy sources
Mobile home housing share
Infrastructure energy efficiency
Multi-family 2–4 housing share
Recycle content in infrastructure
Multi-family 5+ units housing share
Light pollution reduction
Group quarters housing share
Energy efficiency
Residential energy consumption
Renewable energy
Imperviousness
Minimum air quality performance
Stormwater runoff
Day lighting
Total suspended solids
Site selection
Open space
Public transport access
Park space availability
Open spaces, landscaping and heat island effect
Residential wastewater production
Stormwater management
Street centerline distance
Avoiding environmentally sensitive areas
Sidewalk completeness
Access to quality physical activity promoting environment
Pedestrian route directness
Connectivity through neighborhood design
Street network density
Sustainability of the physical environment
Street connectivity
Flexibility of public spaces
Bicycle network
Mixed use
Residential water consumption
Connectivity
Non-residential wastewater production
External connections
Brownfields redevelopment
Location

421



Sustainability 2015, 7, 2570–2602

Table A1. Cont.

Indicator Categories Indicators

Societal indicators related to
residential development

Mixed-use neighborhood centers
Connectivity through feeling of safety
Mixed-income diverse communities
Sustainability of transport
Transit facilities
Proximity (school/parks/transit)
Access to civic and public space
Housing proximity to transit
Access to recreation facilities
Housing proximity to recreation
Neighborhood schools
Housing proximity to education
Existing building reuse
Housing proximity to key amenities
District heating and cooling
Dwellings within 1/8 mi. of 3+ modes
Wastewater management
Transit stop coverage
Solid waste management infrastructure
Regional accessibility
Sustainable maintenance
Home-based vehicle trips
Community services and connectivity
Non home-based vehicle trips
Access to education
Home-based vehicle miles travelled
Access to childcare/services
Non home-based vehicle miles travelled
Access to health services
Parking demand
Access to communication
Parking supply
Access to quality community facilities
Transit service density
Connectivity through public transport
Rail transit boarding
Connectivity through place/social cohesion

Economic indicators related to
residential development

Housing jobs proximity
Jobs/housed workers balance
Local food production
Conforming employment density
Affordable housing
Non-conforming employment density
Housing choice
Employment proximity to transit
Housing proximity to employment center
Locations with reduces automobile dependence
Employment opportunity
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Table A2. Delphi Round I indicators.

Indicators

1. Land use mix diversity
2. Residential dwelling density
3. Impervious surfaces
4. Street connectivity
5. Street route directness
6. Pedestrian accessibilities
7. Pedestrian network coverage
8. Vehicular entry and exit routes
9. Non-motorized transport facilities
10. Open space/active greens per dwelling
11. Open space/active greens per development area
12. Natural topography preservation
13. Sensitive areas/natural environment preservation
14. Vegetation retained to create the development
15. Storm water retention/detention system
16. Tree planting for shades/wind-break
17. Building exposure to natural ventilation
18. Proximity to public transit nodes/system
19. Resident‘s vehicle kilometer traveled
20. Motor vehicle ownerships
21. Proximity to recreation facilities
22. Proximity to education facilities
23. Proximity to local services
24. Availability of dedicated spaces for public amenities
25. Existence of well-defined boundary
26. Existence of neighborhood central place
27. Availability of existing amenities and services
28. Provision of community centers
29. Provision of religious centers
30. Provision of common recreation facilities for all ages
31. Provision of safety elements for crime prevention
32. Traffic calming measures
33. Separation between pedestrian and motorized traffic
34. Availability of commercial establishments
35. Diversity of housing option
36. Provision of affordable housing
37. Employment opportunities within immediate vicinity
38. Avoidance of high grade land
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Table A3. Delphi Round II indicators, and Round III weights and consensus level.

Indicators Weights Consensus Levels (%)

1. Land use mix diversity 6.03 87.5
2. Dwelling density 5.47 81.3
3. Impervious surfaces 5.41 84.4
4. Internal connectivity 6.06 90.7
5. External connectivity 5.63 87.6
6. Non-motorized transport facilities 5.97 90.7
7. Environmentally sensitive areas 5.06 59.4
8. Open space provision 6.22 96.9
9. Solar orientation 4.88 62.5
10. Access to public transport facilities 6.06 93.8
11. Access to education facilities 5.97 93.9
12. Access to health facilities 4.78 53.2
13. Access to local services 5.66 93.7
14. Access to recreational space 5.84 97.0
15. Access to community center 5.44 87.6
16. Access to emergency services 5.16 71.9
17. Crime prevention and safety 6.00 96.9
18. Traffic calming 5.34 81.2
19. Commercial establishments 5.50 93.8
20. Skills development centers 4.19 37.5
21. Employment self-containment 4.66 53.2
22. Housing option diversity 5.41 87.6
23. Housing prices diversity 5.28 68.8
24. Affordable housing 5.69 81.3
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