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Urban planners around the world are increasingly concerned with creating 
and maintaining sustainable, healthy cities. Cities are at the forefront of the 
trend toward sustainable living since they are the site of concentrated popu-
lation, resource use, and greenhouse gas emissions, yet also have the tools 
and the resources to address climate change and environmental degradation. 
Part of the urban planner’s challenge is to impact individual behavior on 
a systemic, urban scale, since sustainable cities are made up of systems 
that encourage sustainable behavior.

The articles presented in this book cover many aspects of sustain-
able urban living on an individual yet systematic scale. The fi rst section 
focuses on how individuals, households, and cities use resources and 
create greenhouse gas emissions; the concept of resources in this case 
is expanded to include waste streams. The second section considers the 
contribution of transportation systems to sustainability in cities, and ex-
plores several options for measuring and encouraging sustainable trans-
portation options. In the third section, articles examine the renewable 
and non-renewable energy demand and use of housing, in an effort to 
encourage for sustainable housing solutions. Together, the articles pro-
vide planners with new options for assessing current contexts and mov-
ing cities toward greater sustainable living. 

Kimberly Etingoff

With more than half the world’s population now living in urban areas and 
with much of the world still urbanizing, there are concerns that urbaniza-
tion is a key driver of unsustainable resource demands. Urbanization also 

Introduction
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appears to contribute to ever-growing levels of greenhouse gas (GHG) 
emissions. Meanwhile, in much of Africa and Asia and many nations in 
Latin America and the Caribbean, urbanization has long outstripped local 
governments’ capacities or willingness to act as can be seen in the high 
proportion of the urban population living in poor quality, overcrowded, il-
legal housing lacking provision for water, sanitation, drainage, healthcare 
and schools. But there is good evidence that urban areas can combine high 
living standards with relatively low GHG emissions and lower resource 
demands. Chapter 1, by Satterthwaite, draws on some examples of this and 
considers what these imply for urban policies in a resource-constrained 
world. These suggest that cities can allow high living standards to be com-
bined with levels of GHG emissions that are much lower than those that 
are common in affluent cities today. This can be achieved not with an over-
extended optimism on what new technologies can bring but mostly by a 
wider application of what already has been shown to work.

Devising policies for a low carbon city requires a careful understand-
ing of the characteristics of urban residential lifestyle and consumption. 
The production-based accounting approach based on top-down statisti-
cal data has a limited ability to refl ect the total greenhouse gas (GHG) 
emissions from residential consumption. In Chapter 2, Lin and colleagues 
present a survey-based GHG emissions accounting methodology for urban 
residential consumption, and apply it in Xiamen City, a rapidly urbanizing 
coastal city in southeast China. Based on this, the main infl uencing factors 
determining residential GHG emissions at the household and community 
scale are identifi ed, and the typical profi les of low, medium and high GHG 
emission households and communities are identifi ed. Up to 70% of house-
hold GHG emissions are from regional and national activities that support 
household consumption including the supply of energy and building mate-
rials, while 17% are from urban level basic services and supplies such as 
sewage treatment and solid waste management, and only 13% are direct 
emissions from household consumption. Housing area and household size 
are the two main factors determining GHG emissions from residential con-
sumption at the household scale, while average housing area and building 
height were the main factors at the community scale. The results show a 
large disparity in GHG emissions profi les among different households, 
with high GHG emissions households emitting about fi ve times more than 
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low GHG emissions households. Emissions from high GHG emissions 
communities are about twice as high as from low GHG emissions commu-
nities. The fi ndings can contribute to better tailored and targeted policies 
aimed at reducing household GHG emissions, and developing low GHG 
emissions residential communities in China.

Consumption is a transcending challenge for the 21st century that is 
stimulating research on multiple pathways required to deliver a more envi-
ronmentally sustainable future. Chapter 3, by Newton and Meyer, is nested 
in what is a much larger fi eld of research on sustainable consumption and 
reports on part of a major Australian Research Council study into the de-
terminants of household resource consumption, based on a survey of 1,250 
residents in Melbourne, Australia. Three environmental lifestyle segments 
are established that represent the spectrum of attitudes, opinions and in-
tentions across the surveyed population: “committed” greens, “material” 
greens and “enviro-sceptics” (representing respectively 33.5%, 40.3% and 
26.3% of the population). Each segment was found to display distinctive 
socio-demographic attributes, as well as urban geographies. However, few 
differences were found in relation to each segment’s actual consumption 
of energy, water, housing space, urban travel and domestic appliances. 
The research fi ndings indicate that in these areas of urban resource con-
sumption—all principal contributors to the ecological footprint of house-
holds—there are sets of factors at work that override attitudes, opinions 
and intentions as indicators of consumer behaviour. Some of these fac-
tors are information, organization and fi nance related and are the focus of 
much public policy. However, the persistence of well ingrained habits and 
practices among individuals and households and the lack of norms and 
values in western societies that explicitly promote environmental conser-
vation among its population, are fundamentally involved in the attitude-
action gap and constitute important avenues for future research and action.

Conventional solid waste management protocols and thinking gener-
ally tend to assume that waste already exits and therefore needs to be man-
aged. Consequently, most models of solid waste management, especially 
in the developing countries including Ghana, are simply reactions to the 
presence of something that needs to be disposed of or discarded. Chapter 
4, by Oteng-Ababio, sees this conventional solid waste management phi-
losophy as a potential barrier to an effi cient and sustainable management 
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and argues that adopting an integrated systemic approach will both help 
to control the processes that generate waste (including waste handling and 
utilization) and enable city managers to minimize waste generation in the 
fi rst place. This paper uses a project initiated by a community-based or-
ganization in Ga Mashie (Accra) to explore the potential of converting 
household waste into a resource. Adopting a multiple research methodol-
ogy, the study analyzes the characteristic and composition of waste gener-
ated within communities in Accra. The results show that a greater part of 
the ‘waste’ is recyclable or potentially recyclable and that a well-coordi-
nated recycling programme will not only ensure a huge reduction of waste 
volume, but can equally lengthen the life of existing dumpsites and possi-
bly, create wealth and reduce poverty. The paper argues that scaling up the 
project offers the local authority an opportunity to tap into the innovative 
strengths embedded in the project, particularly its physical and economic 
synergies, which may bolster community sustainable development.

Like most cities in developing countries, Kigali is experiencing rap-
id urbanisation leading to an increase in the urban population and rapid 
growth in the size and number of informal settlements. More than 60% 
of the city’s population resides in these settlements, where they experi-
ence inadequate and poor quality urban services including sanitation. In 
Chapter 5, Tsinda and colleagues discuss the issues and constraints related 
to the provision of sustainable sanitation in the informal settlements in 
Kigali. Two informal settlements (Gatsata and Kimisagara) were selected 
for the study, which used a mixed method approach for data collection. 
The research found that residents experienced multiple problems because 
of poor sanitation and that the main barrier to improved sanitation was 
cost. Findings from this study can be used by the city authorities in the 
planning of effective sanitation intervention strategies for communities in 
informal settlements.

The urban transportation sector’s environmental, economic, and social 
footprint is immense and expanding. Many of the world’s most vexing 
and pressing problems—fossil fuel dependency, global warming, poverty, 
and social exclusion—are inextricably tied to the transportation sector. 
Much of the blame for the transportation sector’s inordinate environmen-
tal footprint lies in the increasing automobile-dependency of cities. Rapid 
motorization unavoidably shifts future travel from the most sustainable 



Introduction xix

modes—public transport and non-motorized ones (walking and cycling) – 
to private vehicles. Despite growing concerns over energy futures, climate 
change, and access for the poor, public transport’s market share of trips is 
expected to erode over the next decade in all world regions if past trends 
(in how ownership and usage of the private car is priced and public fi nan-
cial resources are spent on transport infrastructure) continue. A paradigm 
shift is needed in how we think about transportation and its relationship 
to the city. Chapter 6, by Cervero, argues that the integration of transport 
infrastructure and urban development must be elevated in importance. In 
many cities of the Global South, recent Bus Rapid Transit (BRT) invest-
ments provide an unprecedented opportunity to do just that. To date, how-
ever, BRT systems have failed to leverage compact, mixed-use develop-
ment due not only to little strategic station-area planning but also factors 
like siting lines and stations in stagnant urban districts and busy roadway 
medians. BRT systems are being conceived and designed as mobility in-
vestments rather than city-shaping ones. Given that the majority of future 
urban growth worldwide will be in intermediate-size cities well-suited for 
BRT investments, the opportunities for making these not only mobility in-
vestments but city-shaping investments as well should not be squandered. 
Transit-oriented development is but one of a number of built forms that 
hold considerable promise toward placing cities of the Global South on 
more sustainable mobility and urbanization pathways.

Human mobility in a city represents a fascinating complex system that 
combines social interactions, daily constraints and random explorations. 
New collections of data that capture human mobility not only help us to 
understand their underlying patterns but also to design intelligent systems. 
Bringing us the opportunity to reduce traffi c and to develop other applica-
tions that make cities more adaptable to human needs. In Chapter 7, De 
Domenico and colleagues propose an adaptive routing strategy which ac-
counts for individual constraints to recommend personalized routes and, 
at the same time, for constraints imposed by the collectivity as a whole. 
Using big data sets recently released during the Telecom Italia Big Data 
Challenge, the authors show that their algorithm allows them to reduce the 
overall traffi c in a smart city thanks to synergetic effects, with the partici-
pation of individuals in the system, playing a crucial role.
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Transport accessibility is an important driver of urban growth and key 
to the sustainable development of cities. Chapter 8, by Ford and colleagues, 
presents a simple GIS-based tool developed to allow the rapid analysis of 
accessibility by different transport modes. Designed to be fl exible and use 
publicly-available data, this tool (built in ArcGIS) uses generalized cost 
to measure transport costs across networks including monetary and dis-
tance components. The utility of the tool is demonstrated on London, UK, 
showing the differing patterns of accessibility across the city by different 
modes. It is shown that these patterns can be examined spatially, by ac-
cessibility to particular destinations (e.g., employment locations), or as a 
global measure across a whole city system. A number of future infrastruc-
ture scenarios are tested, examining the potential for increasing the use of 
low-carbon forms of transport. It is shown that private car journeys are still 
the least cost mode choice in London, but that infrastructure investments 
can play a part in reducing the cost of more sustainable transport options.

Suburban households living in spacious detached houses and owing 
multiple cars are often seen as main culprits for negative greenhouse con-
sequences of urban sprawl. Consequently, the effects of sprawl have been 
mostly studied from the viewpoints of emissions from home energy con-
sumption and private driving. Little attention has been paid to the changes 
in other consumption. In Chapter 9, Ala-Mantila and colleagues link ur-
ban sprawl to the proliferation of semi-detached and detached housing, 
described as a low-rise lifestyle, at the expense of apartment house living 
i.e., high-rise lifestyle. The authors analyze differences between the low-
rise and the high-rise lifestyles and their environmental effects in the Hel-
sinki Metropolitan Area, taking into account all consumption activities. 
Environmental effects are assessed by combining greenhouse gas inten-
sities from a consumption-based environmentally-extended input-output 
(EE I-O) model with expenditure data. Then these carbon footprints are 
further elucidated with regression analysis. They fi nd that low-rise life-
styles causes approximately 14% more emissions than high-rise lifestyles. 
However, the relative contributions of emissions from different sources, 
whether direct or indirect, are almost equal for both. Furthermore, when 
controlling the level of expenditure, the differences between the two life-
styles unexpectedly disappear and in certain cases are even reversed. The 
authors believe that their consumption-based approach facilitates the un-
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derstanding of sprawling lifestyles and offers important insights for sus-
tainable policy-design and urban planning.

In recent years, there has been an increasing interest in using micro-re-
newable energy sources. However, planning has not yet developed meth-
odological approaches (1) for spatially optimizing residential development 
according to the different renewable energy potentials and (2) for integrat-
ing objectives of optimized energy effi ciency with other environmental re-
quirements and concerns. Chapter 10, by Palmas and colleagues, addresses 
these topics by fi rstly presenting a new concept for the regional planning. 
The methodological approach for the evaluation of spatial variations in 
the available energy potential was based on the combination of existing 
methods adapted to the local scale and data availability. For assessing the 
bioenergy potential, a new method was developed. Other environmental 
criteria for deciding about sustainable locations were identifi ed through a 
survey of more than 100 expert respondents. This survey involved pair-
wise comparisons of relevant factors, which were then translated into rela-
tive weights using the Analytical Hierarchy Process. Subsequently, these 
weights were applied to factor maps in a Geographical Information Sys-
tem using a weighted linear combination method. In the test region, the 
eastern metropolitan area of Cagliari, Sardinia, this analysis resulted in the 
designation of suitable areas for new settlements and preferred locations 
for micro-renewable technologies. Based on expert preferences, a number 
of alternatives for future housing development were identifi ed, which can 
be integrated in the early stages of land use or development plans. The 
method proposed can be an effective tool for planners to assess changes 
and to identify the best solution in terms of sustainable development.

Chapter 11, by Stoeglehner and colleagues, introduces the concepts, 
methods and the implementation of a calculator for the energetic long term 
analysis of residential settlement structures (ELAS). The freely available 
online tool addresses, on the one hand, the complexity of the environ-
mental impacts of buildings and settlements including embodied energy 
and on the other hand, the mobility of the inhabitants and the necessity to 
provide ecological and socio-economic valuation on the base of a coher-
ent data set. Regarding the complexity of ecological impacts, housing was 
represented as a life cycle network, combining the life cycles of energy 
provision as well as buildings and infrastructure depending on the loca-
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tion and supply structure of the settlement. Comprehensive inventories 
for these different aspects were included. They were then used to evaluate 
the whole system of activity linked to buildings and settlements with three 
different ecological valuation methods and then coupled with a socio-eco-
nomic appraisal. With the ELAS calculator, a status quo analysis for exist-
ing settlements can be carried out, as well as planning alternatives can be 
assessed which include new developments, the renovation of buildings in 
the settlement, the change of energy supplies as well as the demolition of 
settlements with reconstruction on the same or a different site.
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SUSTAINABLE RESOURCE LIFE CYCLES





CHAPTER 1

How Urban Societies Can Adapt to 
Resource Shortage and Climate Change
DAVID SATTERTHWAITE

1.1 INTRODUCTION

Urban centres and urbanization (the increasing proportion of a population 
living in urban centres) do not enjoy good reputations from an ecological 
perspective and are often cited as drivers of unsustainable environmental 
change [1,2]. Certainly, the much increased pressures on the world’s natu-
ral resources and ecological systems over the last century or so has been 
accompanied by a very rapid growth in the world’s urban population—
from 260 million in 1900 [3] to over 3.4 billion today [4]. The world’s 
population has urbanized rapidly, driven mainly in recent decades by the 
very large expansion in the world’s economy and by changes in its struc-
ture. Most new investment, economic value and employment have been in 
industry and service enterprises and most such enterprises have chosen to 
locate in urban areas. This helps in explaining why the ratio of rural : urban 

How Urban Societies Can Adapt to Resource Shortage and Climate Change. Satterthwaite D. Philo-
sophical Transactions A  373,2038 (2015), DOI: 10.1098/rsta.2010.0350.  Licensed under a Creative 
Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0.
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dwellers changed from 7:1 in 1900 to around 1:1 today [5]. The rapid in-
crease in urban population and urban production has been accompanied by 
an even more rapid increase in the use of fossil fuels (and hence in carbon 
dioxide emissions) and in most other mineral resources and in freshwater, 
fish and forestry products. Urbanization is also associated with increas-
ing wealth (at least for a proportion of the growing urban population) and 
increasing per capita consumption levels. In many nations, urbanization 
has also been influenced by the locations chosen by multi-national cor-
porations for their production and for the centres where they concentrate 
their management [6]. Thus, urbanization can be seen as one of the key 
drivers of high levels of resource use and waste generation that have seri-
ous ecological consequences locally (within and around urban centres), 
regionally (where resource and waste flows from urban centres shift to the 
wider region) and globally (for instance in regard to climate change and in 
the reduction in the ozone layer).

However, these local, regional and global ecological consequences are 
not so much driven by urbanization as by the rapid increase in consumption 
levels and in the number of people with high-consumption lifestyles—and 
the (increasingly globalized) production systems that serve and support 
these. A considerable proportion of this consumption is from middle- and 
upper-income rural inhabitants and when the consumption and waste gen-
eration patterns of rural and urban inhabitants with comparable incomes 
are compared, urban inhabitants generally have lower consumption and 
less waste generation. The paper also highlights how not all urbanization 
is associated with large regional and global ecological impacts—and ends 
with a discussion of how urbanization can help to delink high standards of 
living from large local, regional and global ecological impacts. Urbaniza-
tion brings obvious economic advantages for businesses which explain 
why private investment concentrates in urban areas but it also brings some 
environmental advantages that are less obvious—for reducing resource 
use and greenhouse gas (GHG) emissions, for good environmental health 
and for building resilience to the likely impacts of climate change. But 
whether these advantages are realized depends on how urban centres are 
structured and governed, and, for resource use and waste generation, on 
the choices made by their wealthier inhabitants.
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1.2 URBAN CHARACTERISTICS

Urban centres share some characteristics—a concentration of people and 
enterprises and their buildings and wastes, infrastructure and usually some 
public institutions (for instance for schools, police force and for some the 
seat of local government). They also share a reliance on resources from 
outside their boundaries (food, usually freshwater and fossil fuels and 
other mineral resources) and often extra-urban sinks for their wastes. And 
as urban centres expand, so they transform natural landscapes and land 
use and land cover—for instance creating more stable sites by filling val-
leys and swamps and reshaping hills and in the process disrupting local 
ecologies, changing water flows and increasing impermeable areas [7,8]. 
The creation and expansion of urban centres also draws in large volumes 
of materials—for land fill and building materials, food, forestry products 
and other natural resources and these material flows also change and of-
ten transform the areas from which they are drawn. Larger cities often 
outgrow the capacity of their locality to provide freshwater and many cit-
ies have helped decrease such supplies through polluting local sources or 
mismanaging local aquifers [9].

Urban centres also change the environment of their locality—for in-
stance by reducing rainfall and increasing night-time temperatures [10]. 
Almost all large urban centres are warmer than their surrounding rural 
areas, although the size and timing of these differentials are highly vari-
able and infl uenced by many factors [1]. The urban heat island effect is 
generally higher in larger urban centres or in particular districts of large 
urban centres—for instance high-density areas with multi-storey build-
ings, little open space and little effective natural ventilation. Heat islands 
have both local and extra-local impacts; locally, they can increase heat 
stress with particularly serious consequences for vulnerable and working 
populations [11], pollution (as the higher temperature facilitates more gen-
eration of ozone if the precursors are already present) and energy demands 
for cooling (which when achieved through air conditioning also means 
more waste heat). Regionally, they usually increase demand for water and 
globally, they can increase GHG emissions, if a growing use of air condi-
tioning is powered by electricity from thermal power stations.
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Thus the energy and material demands of enterprises, residents and 
institutions in urban areas can alter land use and land cover and freshwater 
availability locally and often regionally while the disposal of their wastes 
into water, soils and the atmosphere can impact local to regional and glob-
al biogeochemical cycles and climate [12].

The energy and material demands that larger and wealthier urban cen-
tres concentrate for natural resources are often increasingly met by im-
ports from beyond their region—including imports from abroad. For in-
stance, around 80 per cent of the food consumed in London is imported 
from other countries [13]. Many major cities draw on freshwater resources 
far from their boundaries [14,15]—for instance Mexico City now has to 
draw some of its water supplies from 150 km away, and pump it up nearly 
1000 m [16,17].

But there is such diversity among urban centres in their size, struc-
ture, spatial form, economy, wealth, local resource availability and local, 
regional and global ecological impact that few generalizations are valid. 
Urban centres vary in size from a few thousand (or in some nations a few 
hundred) inhabitants to the 21 metropolises that by 2010 had (or were 
estimated to have) more than 10 million inhabitants [4] and were termed 
megacities. United Nations (UN) estimates for 2010 suggest that around 
half the world’s urban population lives in urban centres of under 500 000 
inhabitants [4] and a considerable proportion of these lives in urban cen-
tres with under 20 000 inhabitants (although the proportion living in such 
urban centres in any nation is much infl uenced by the criteria used to de-
fi ne an urban centre—for instance if urban centres are all settlements with 
over 1000 inhabitants or all settlements with over 10 000 inhabitants) [18]. 
There is no universally accepted defi nition for an urban centre or for a 
city or for when an urban centre becomes a city but the term city implies 
a scale or a political or religious status that would mean that a large sec-
tion of the world’s urban population does not live in cities. Although it is 
common to see the comment that more than half the world’s population 
lives in cities, this is not correct; they live in urban centres, a high propor-
tion of which are small market towns or service centres that would not be 
considered to be cities.
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Urban centres have economies that vary from the simple—for instance 
small market towns, mining centres or tourist resorts—to the complexities 
of large cities and metropolitan regions whose economic base serves lo-
cal, regional, national and global markets and who sit within large and 
complex transport systems where a high proportion of the workforce 
may live outside the city. The differentials between urban centres for all 
aspects of material and energy use and waste generation are likely to be 
very large, although the analyses of material and waste fl ows undertaken 
to date have given little attention to urban centres in low-income nations. 
But most small market towns or service centres in low-income nations 
are likely to have very low levels of use for non-renewable resources 
as incomes and consumption levels are low so demand for material-in-
tensive capital goods is also low and there is little or no industry. These 
urban centres draw most of their material needs (food, other natural re-
sources, water) from close by. A high proportion of the urban population 
in many low-income nations do not have electricity and use biomass 
fuels [19]. For instance, among the nations that the UN classifi es as the 
Least Developed Countries, close to half the urban population lack ac-
cess to electricity and more than three-fi fths lack access to modern fuels 
[19]. This also implies very low levels of GHG emissions per person. A 
proportion of low-income nations has GHG emissions below 0.1 tonnes 
of carbon dioxide equivalent (CO2e) per year [20] and it is likely that a 
proportion of their small urban centres have comparable levels. From a 
perspective of ecological sustainability, these small urban centres per-
form extremely well. Even some larger urban centres in low-income na-
tions have GHG emissions that are around 0.1 tonnes CO2e per person 
per year while many cities in (for instance) India and Bangladesh have 
below 1 tonne [21]. But as discussed below, most of the more ecologi-
cally sustainable urban centres have low living standards with much of 
their population facing large preventable health burdens.

Meanwhile, there are many wealthy cities with GHG emissions that 
are 10–25 tonnes of CO2e per person per year and so 100–250 times those 
with 0.1 tonnes per person per year. Also with levels of resource use for 
fossil fuels and many minerals that are far higher and likely to be unsus-
tainable if extended to a larger section of the world’s urban population.



8 Urban Development for the Twenty-First Century

1.3 MEASURING THE ENVIRONMENTAL PERFORMANCE 
OF URBAN AREAS

The original definition of sustainable development was a combination of 
two goals: meeting the needs of the present without compromising the 
ability of future generations to meet their needs [22]. For urban centres, 
this requires that they meet their residents’ needs (being healthy, enjoy-
able, resilient places to live and work for all their inhabitants) while en-
suring that the draw of their populations’ consumption and enterprises’ 
production on local, regional and global resources and sinks is not dispro-
portionate to their finite capacities. Anthropogenic climate change adds to 
the urgency of the second goal and requires no disproportionate contribu-
tion to GHG emissions. It also requires urban adaptation to achieve the re-
silience needed for the new hazards and increased risk levels that climate 
change will bring.

How the term ‘disproportionate’ gets interpreted has long been debated, 
as have the metrics to be used for measuring sustainability [23]. Initially, 
the concerns for sustainability focused on the depletion of non-renewable 
resources, especially oil; then there was a realization that key resources 
such as fertile soils, freshwater, forests and fi sheries that are renewable 
need to be included because their supply is fi nite—and can be reduced 
(through deforestation, soil degradation, pollution or over-fi shing). To this 
were added concerns of global systems degraded or disrupted, including 
the depletion of the stratospheric ozone layer, global warming and the loss 
of biodiversity. But there are no easy ways to measure whether a city, 
smaller urban centre or rural area has a ‘disproportionate’ draw on local, 
regional and global resources and sinks. In part, this is because much of 
its draw on resources and sinks may be embedded in the goods that are 
sold or used there but manufactured elsewhere. For instance, wealthy cit-
ies can retain parks, forests and wilderness sites within and around them 
because most goods used by their citizens that are water-, energy-, pollu-
tion-, waste- and land-intensive are drawn from beyond their surrounds—
and much of it from abroad [12].

To manage any city’s draw on resources and sinks, there need to be 
measurements that indicate the scale and nature of this draw [24,25], in-
cluding draws from beyond the city and its surrounds. Various ways have 
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been developed for mapping the energy and material fl ows into cities and 
the wastes out of cities [26,27]. There are also a range of ways of measur-
ing some of the ecological impacts of particular goods or services con-
sumed in urban areas that consider these from the point of production (and 
its material needs) to the point of consumption or disposal—for instance 
the natural material input into a product in relation to the service it pro-
vides [28] or the measuring of ‘virtual water’ (for instance to consider the 
water-using implications of goods imported into a city in their original 
production) or food miles (the distance that food is transported from where 
it is produced to where it is consumed). There is also a particular interest 
in the ecological impacts of food systems; these have successfully met 
rising demands worldwide, including the rapid increase in the proportion 
of non-agricultural workers to agricultural workers that accompanies ur-
banization and including diets that are far more meat-intensive. But there 
are the environmental and ecological consequences of a far more energy-, 
chemical- and carbon-intensive food production to consider [29].

Perhaps the best-known and most widely used measure for cities and 
nations is the ecological footprint [30]. This calculates the productive land 
area that a city or nation draws on continuously to provide the food and re-
sources that its inhabitants, enterprises and institutions use, to process the 
wastes and to absorb the carbon dioxide produced. From this can be calcu-
lated the average ecological footprint of each person within a city or nation 
in terms of productive land area. This can be compared with the land area 
estimated to be the global average that is sustainable. Figures for wealthy 
nations or cities in wealthy nations have been shown to be several times 
this average. Ecological footprints can also be calculated for individuals or 
households—for instance to highlight the much larger ecological footprint 
of wealthy households when compared with low-income households [24].

But getting a precise and complete measure of resource use and waste 
generation within a city is limited by data availability. In many nations, 
much of the data needed are not available or only available for nations. 
There are also the complications as to what to include—for instance for 
a city, do the material, energy and waste implications of the consumption 
of tourists and of commuters who work in the city but live outside get in-
cluded in the fi gures for the city? Is it possible to take out of the accounting 
for a city the material, energy and waste generated in the fabrication of 
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goods or services that are sold outside the city? If this is not subtracted, the 
cities that are centres for the manufacture of key goods for lowering eco-
logical footprints such as photovoltaic cells, windmills or hydrogen buses 
will appear to be unsustainable. There are also diffi culties with avoiding 
double counting—for instance with energy consumption that may be ac-
counted for within goods (for instance food and water) that then has to be 
subtracted from energy statistics [13].

There are data showing the much higher levels of resource use per per-
son in high-income nations when compared with low- and middle-income 
nations and the higher levels of domestic waste [15]. But it is diffi cult to 
judge whether a nation’s, city’s or individual’s draw on planetary resources 
and sinks is ‘disproportionate’ when there is uncertainty about the size of 
the resource or the capacity of the sink. For instance, for many resources, 
the quantity available depends on the price (as prices rise so a greater stock 
becomes available as higher prices allow the exploitation of lower quality 
ores or oil-bearing materials). Higher prices encourage more exploration 
that can lead to fi nding new sources that expand the global stock.

For global warming, the metrics for measuring the global impacts of 
nations or sub-sets of nations including cities are more straightforward—
and done through GHG emission inventories. For cities, these have been 
based on the methods and sources used for national GHG emission in-
ventories, and follow guidelines set by the Intergovernmental Panel on 
Climate Change (IPCC) [31]. City GHG emission inventories have now 
been done for over a 100 cities [21] and as noted above, these show the 
enormous range in the scale of average per capita emissions of GHGs.

An inventory of emission sources can allocate their emissions between 
cities, other urban centres and rural areas but this is not a simple exercise. 
For instance, the places with large coal-fi red power stations are very high 
GHG emitters although most of the electricity they generate may be used 
elsewhere. This is why GHG emission inventories generally assign cit-
ies the emissions generated in providing the electricity consumed within 
their boundaries, even when the electricity is produced elsewhere. This 
helps explain why some cities have surprisingly low per capita emissions 
relative to their wealth—for instance cities supplied with electricity from 
hydropower or nuclear power.
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There are other diffi culties in assigning GHGs to particular locations. 
For instance, transport is one of the main sources of GHG emissions in 
all cities but do the emissions from the fuels used by car-driving or rail 
or bus using commuters get attributed to the city where they work or the 
place where they live (which may be a suburb or a rural area outside the 
city where they work)? Which locations get assigned the carbon emissions 
from air travel? Total carbon emissions from any city with an international 
airport are much infl uenced by whether or not the city is assigned the fuel 
loaded onto the aircraft. Total carbon emissions for cities such as Sao Pau-
lo, Rio de Janeiro, London or New York are much infl uenced by whether 
or not these cities are assigned the fuel loaded onto aircraft in their airports 
[32,33]. If aviation was included in New York’s GHG emission inventory, 
it would constitute 14 per cent of total CO2e emissions [32]. Then there 
are the complications of city airports that are outside city boundaries—
so should London be allocated the carbon emissions from planes fuelled 
just at Heathrow and City airports (that are within its boundaries) or also 
Stansted, Gatwick and Luton airports that serve Londoners (even though 
a proportion of the passengers fl ying from these airports are in transit and 
do not come to London or do not live in London)?

But at least for global warming, there is an information base on the 
GHG emissions taking place within each nation’s boundaries and thus a 
guide to their contribution to the global problem. This can guide action 
now to reduce GHG emissions globally. But here too, there is debate about 
how responsibility should be allocated between nations. Should it take ac-
count of historic contributions to GHGs in the atmosphere (which would 
further increase the responsibility of high-income nations)? Should the 
system that sets limits on emissions be based on where the emissions are 
produced or the homes of the consumers whose consumption caused the 
emissions (again the latter greatly increases the responsibilities of high-in-
come nations as emissions within their borders are kept down by importing 
most goods whose fabrication involved large emissions)? But whichever 
method is used for assigning responsibilities, how urban centres perform 
as places to live and as centres of production and consumption has great 
relevance. So the issue is whether urban centres are or could be centres 
of ‘good’ development and environmental management and centres with 
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carbon emissions or ecological footprints that are sustainable. This also 
means centres of lifestyles that keep average per capita GHG emissions 
below whatever level is calculated as the average level for the world’s 
population that would avoid dangerous climate change—sometimes called 
the fair share level. These goals have to be considered together. As noted 
above, most urban centres in low-income nations have very low levels of 
GHG emissions per person because there is little or no industry and con-
sumption levels are so low (including a high proportion of the population 
that do not get enough to eat). Many urban centres in high-income nations 
are among the world’s healthiest and safest places but with ecological 
footprints that are vastly disproportionate, including per capita GHG emis-
sions that are 3–15 times the global fair share level. So for low-income 
nations, the issue is whether urban centres with small ecological footprints 
can become healthy, safe, desirable places to live and work without vastly 
increasing this footprint. This would mean going against the general trend 
in the past which has been for a strong association between better health 
and larger ecological footprints and carbon emissions [12]. For high-in-
come nations, the issue is whether urban centres can retain or enhance 
their quality of life and economic base while radically reducing their car-
bon dioxide emissions or more generally their ecological footprint. The 
performance of urban centres in both of these has even greater relevance 
in a world where the proportion of the world’s population living in cities 
and towns is growing and likely to continue growing at least in the next 
decade or two [4].

For anthropogenic GHG emissions, it is possible to estimate an av-
erage fi gure for each person’s emissions (usually expressed in terms of 
CO2e) which if achieved globally should avoid dangerous climate change 
(the ‘fair share’ fi gure). This will be substantially below current fi gures for 
global emissions (in 2004, this was around 7.5 tonnes per person [34]), 
although there are still uncertainties as to the extent to which and the speed 
with which global emissions must fall. But to bring down global emissions 
by 2050 suffi ciently to avoid dangerous climate change, it needs a global 
average of around 2 tonnes of CO2e per person [35]. There are also other 
issues that need to be resolved in setting this fair share level—for instance 
in setting it, is consideration given to the maintenance or expansion of car-
bon sinks (so do people in nations where carbon sinks can be expanded get 
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higher allowances [36])? Also do people who have more carbon-intensive 
needs—for instance much larger space heating needs during the year—get 
higher annual allowances [36]?

However, highlighting the fact that it is individuals’ consumption pat-
terns and lifestyles that are the real drivers of most GHG emissions means 
that it is possible to set a fair share level to which those above this level 
must contract and those below this level are allowed to increase to this lev-
el (the concept of contraction and convergence) [37]. This highlights how 
avoiding dangerous climate change depends on the personal responsibility 
of consumers. It highlights the large draw of wealthy people’s lifestyles 
on fossil fuel reserves and on the world’s forests (as fossil fuel consump-
tion and deforestation are such important contributors to GHG emissions). 
It also indirectly brings in the use of some mineral resources in that the 
GHG emission accounts for any individual would include the goods they 
purchase and thus the fossil fuels used in the mining, refi ning and use of 
the resources in manufacturing these goods and transporting, promoting 
and selling them.

Another reason for focusing on the performance of individuals or 
households rather than their settlements (cities, small urban centres, rural 
areas) is the large differentials in GHG emissions per person within such 
settlements. For instance, the city of Toronto has average per capita emis-
sions far above the fair share level—but there are citizens in Toronto and 
small pockets in Toronto where per capita emissions are below the fair 
share level [21]. A study looking at residential and transport related GHG 
emissions per person (in CO2e) in Toronto’s 832 census tracts found that 
the top 10 tracts had average annual emissions of 12.3 tonnes per capita 
compared with 3.6 for the bottom 10 tracts. All the top 10 tracts were 
outside the central city and private automobile use accounted for 61 per 
cent of emissions. For the bottom 10 tracts, only 30 per cent of emissions 
were for private automobile use and all but one of these tracts was in the 
central city [38].

The differentials are likely to be even larger in cities in many low- and 
middle-income nations. Per capita emissions among low-income groups 
will often be between 0.1 and 0.5 tonnes of CO2e [39] while per capita 
emissions in many high-income low-density suburbs may be comparable 
to those in the high-income nations.
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1.4 USING THE OPPORTUNITIES/ADVANTAGES THAT 
URBANIZATION BRINGS FOR HEALTH

Concentrating people, enterprises, motor vehicles and their wastes can 
make cities very dangerous places—but this same concentration brings 
many potential advantages for health. That cities have economies of scale, 
proximity and agglomeration that bring substantial benefits for most busi-
nesses is well known; indeed, that is why the world urbanized. But less 
discussed are the economies of scale and proximity for public goods and 
services. High densities and large population concentrations usually lower 
the costs per household and per enterprise for the provision of infrastruc-
ture (all-weather roads and paths, good quality piped water, sewers, drains, 
electricity) and services (including all forms of schools and healthcare, 
emergency services and access to the rule of law and to government). The 
concentration of industries reduces the unit cost of making regular checks 
on plant and equipment safety, as well as on occupational health and safe-
ty, pollution control and the management of hazardous wastes [15]. There 
are also economies of scale or proximity for reducing risks of disasters, 
and generally a greater capacity among city dwellers to pay for these, or 
at least to contribute towards the costs. Disasters are much less frequent 
in well-governed cities with good quality housing, infrastructure and ser-
vices and when disasters occur in such cities, fatalities are usually much 
lower [40]. For instance, fatalities from cyclones are far higher in low- and 
middle-income nations than in high-income nations, even though high-
income nations such as Japan and the USA have high exposure to cyclones 
[41] and even though there are exceptions such as Hurricane Katrina’s 
devastating impact on New Orleans.

But in the absence of needed infrastructure and services and city gov-
ernments with the needed competence and accountability, cities become 
very dangerous places to live and work. There are many cities in Africa 
with life expectancies that are half what they should be—and as low as 
those in the industrial cities in Europe 160 years ago before key reforms 
of local governments and of water, sanitation, healthcare, housing access, 
minimum wages and occupational health. In cities in low- and middle-
income nations, it is common for a third to half the population to live in 
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poor quality, overcrowded housing in informal settlements that lack ad-
equate provision for water, sanitation, healthcare, schools, the rule of law 
and often even the right to vote (as this requires a legal address that houses 
in informal settlements lack). In such settlements, it is common for infant 
and child mortality rates to be 10–20 times what they should be [15].

Urbanization is also associated with a growing health burden from 
chronic non-communicable diseases for adults, related to changes in diet 
and less exercise and often from large health impacts from air pollution 
and traffi c accidents [42]. In some nations, cities are also associated with 
high levels of violence [43]. But these too are issues that can be addressed 
and have been addressed; a well-governed city should also be a city that 
addresses these health risks.

1.5 RESOURCE USE AND DENSITY

Before suburban trains and high levels of private car ownership, cities 
were dense largely because of the value of close physical proximity for 
city businesses and institutions. Low-income groups value central loca-
tions for the easier and cheaper access it provides to employment oppor-
tunities. Close physical proximity is still valued by most businesses and 
many people, even though improvements in road, rail and air transport in 
most cities have allowed a larger physical separation between home and 
work. The shift of residences from the city to the suburbs and beyond 
that these improvements brought was in part driven by the possibilities 
for those who moved to get more space and escape urban pollution and 
congestion. But the urban sprawl that this often produced brought with it a 
set of health problems [44] and generally a greater dependence on private 
automobile use and so higher GHG emissions.

Dense cities have great potential for limiting the use of motor vehicles 
(and the associated use of fossil fuels, the generation of air pollution and 
GHGs). This might sound contradictory, as most large cities have prob-
lems with congestion and motor-vehicle-generated air pollution but these 
are problems that can be addressed. As air pollution levels in wealthy cities 
came down and as commuting times, costs and inconveniences increased 
for those living in the suburbs or beyond, so the advantages of living in 
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more dense cities became apparent. Dense cities allow many more jour-
neys to be made by walking or bicycling, and they make a greater use of 
public transport and a high-quality service more feasible. Many prosper-
ous European cities, with among the world’s highest quality of life, have 
one-fi fth of the gasoline use per person of the USA’s less compact, more 
car-dependent cities [45]. Most European cities have high-density centres 
where walking and bicycling are preferred by much of the population, 
especially where good provision is made for pedestrians and bicyclists 
(including public transport that can accommodate bicycles). Many Euro-
pean cities also have high-quality public transport that keeps down private 
automobile ownership and use, and many cities here and in other regions 
have invested in improving public transport, including greater use of bus-
based rapid transit (that is much cheaper and easier to install than light 
rail or metros). In dense cities where there is good provision for walking, 
bicycling and public transport, automobile ownership and use can be low, 
even in prosperous cities and among prosperous households. Singapore 
has one-fi fth of the automobile ownership per person of most cities in oth-
er high-income nations, yet also a higher income per person [46]. Among 
the limited number of cities for which there are data on GHG emissions by 
sector, the percentage generated by transport varies from 11 to 59 per cent 
[47]. It is generally the higher density cities that have the lower propor-
tions; the North American cities have among the highest levels of transport 
energy per person, the highest GHG emissions per person and the lowest 
densities. However, some of the differences in the contribution of trans-
port may be related to other factors that include the extent to which space 
heating is needed, the role of industry in the city’s economy, the extent 
to which air conditioning is used and the carbon intensity of electricity 
production. Some of the differences may also be the result of differences 
in methods in undertaking emission inventories and their assignment to 
different sectors.

Meanwhile, in some cities in low- and middle-income nations, the dis-
advantages of high density have lessened as strategies to improve housing 
and living conditions in high-density low-quality tenements and informal 
settlements (often termed ‘slum’ or ‘squatter’ upgrading) have transformed 
the quality of housing and living conditions there, while retaining the ad-
vantages of high-density residential areas. For instance, in Thailand, many 
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high-density informal settlements with poor quality housing and a lack of 
basic infrastructure and services have been transformed without expelling the 
low-income population and without reducing the density. This has been sup-
ported by the central government’s Community Organizations Development 
Institute (CODI) that channels infrastructure subsidies and housing loans di-
rect to savings groups formed by low-income inhabitants in informal settle-
ments. It is these savings groups who plan and manage the improvements to 
their housing or develop new housing on the same site. They also negotiate 
with the landowner to sort out legal tenure and work with local governments 
or utilities to improve infrastructure and services. From 2003 to early 2008, 
within the Baan Mankong (secure housing) programme, CODI approved 512 
projects in over 200 urban centres covering 53 976 households and it plans a 
considerable expansion in the programme within the next few years. In terms 
of density, many of the upgraded settlements had 150–300 units per hectare, 
achieved with two or three storey terraces [48].

For most cities in low- and middle-income nations, one of the most 
important issues is retaining the high-density low-income residential ar-
eas but improving the quality without expelling the low-income popula-
tion who need to keep close proximity to livelihoods. Generally, the re-
development of these areas drives out the original inhabitants. But there 
are a growing number of examples like those of CODI above that have 
supported the low-income inhabitants to develop their own upgrading. 
It is also possible to do this at very high densities—as demonstrated in 
some high-density central city locations in Karachi [49]. In Mumbai, In-
dia, there is the long-running debate about how to redevelop Dharavi, a 
long-established very dense informal township with around 600 000 resi-
dents and a high concentration of jobs squeezed into a 2 km2 site. From a 
resource-using perspective, Dharavi is very effi cient; most residents have 
low consumption levels and walk to work and many are engaged in reus-
ing or recycling wastes. GHG emissions per person would also be very 
low. But from a health perspective, it is mostly poor quality and very over-
crowded housing and a lack of infrastructure and services. But even with 
densities this high, Dharavi can be redeveloped incrementally in ways that 
accommodate residents and livelihoods and that keep the area’s economic 
dynamism and that greatly improve living conditions—and thus keep the 
resource-using advantages without the health disadvantages [50,51].
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For regions that require space heating for part of the year, high-density 
residential areas with high-quality housing make possible less energy-in-
tensive homes. Space heating constitutes one of the main energy users in 
most high-income nations and high-density buildings can have an inher-
ent advantage for lower energy use from less external wall area and less 
indoor space per person. For instance, three to six storey terraces can com-
bine high densities with very high-quality living environments with much 
less energy use for space heating than detached housing. High density is 
often seen as one of the problems in cities—but it depends on how it is 
accommodated. Some of the world’s most expensive and desirable hous-
ing is in four to six storey terraces in European cities. These have high 
densities, often between 150 and 300 units per hectare and thus higher 
than most informal settlements with one-storey buildings, but the indoor 
space and often outdoor space per person are much higher. Energy use 
per dwelling can be much lower than in detached housing in suburban or 
rural areas. High-quality high-density dwellings can also be within city 
districts with good provision for open space—from small household gar-
dens and neighbourhood squares and playgrounds to larger parks. There 
are also examples of new high-density residential developments that cut 
energy and water use, carbon dioxide emissions and the carbon footprints 
of materials used for their construction—as in the Beddington Zero En-
ergy Development in South London [52]. High-density residential areas 
and cities generally have lower rates of private automobile ownership and 
use in relation to household income—and provide more possibilities for 
car clubs through which members have quick and easy access to car use 
when they want at a far lower cost than car ownership.

1.6 CITIES AND RESOURCE USE

Cities also have many potential advantages for reducing resource use and 
waste. It is worth recalling the example of Toronto cited earlier showing 
the tenfold difference in GHG emissions per person between a dense in-
ner city neighbourhood with good access to public transport and a low 
density suburb distant from shops [21]. Many of the innovations discussed 
in Factor Four, the study of how to double wealth while halving resource 
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use [28] are facilitated by the potential material, transport and water using 
efficiencies that more dense cities provide.

In cities, the close proximity of so many water consumers gives greater 
scope for recycling or directly re-using wastewaters. The concentration of 
consumer and business wastes in cities cheapens the cost of recovering 
or re-using material from these waste streams—for instance in separate 
household and business collections for recyclable or compostable wastes. 
In most cities in low- and middle-income nations, there is a large and di-
verse ‘waste economy’ through which materials are recovered from waste 
streams for recycling or reuse and which greatly reduces the volume of 
wastes that need to be disposed of [15]. Although there are many practices 
here that need improvement, especially in reducing the health risks facing 
those engaged in these informal waste economies, there is also a need to 
keep their very large environmental and livelihood-related advantages.

Urbanization has been accompanied by changes in diets, including in-
creased meat consumption, more processed food and more expensive and 
exotic food items that generally imply more carbon-intensive production 
and transport to markets. But studies in a range of nations have shown that 
this has been driven by higher incomes, not urbanization, as can be seen 
by the consumption patterns of more prosperous rural dwellers that are 
similar to those of more prosperous urban dwellers [53].

1.7 CITIES’ PHYSICAL EXPANSION

Cities are often portrayed as being ‘bad’ for rural areas but city dwellers’ 
demand for agricultural produce is a large part of the underpinning for 
farmers’ incomes. In addition, most farmers (and their families) depend 
on markets, goods and services provided by urban enterprises. Most urban 
centres also concentrate populations in ways that reduce the demand for 
land relative to population [5]. There is no evidence that agricultural pro-
ductivity has dropped in nations that are urbanizing and a declining pro-
portion of land used for agriculture around a city may also be accompanied 
by more intensive production for land that remains in agriculture [54].

Various studies have sought to establish the proportion of land area 
globally and within each continent or nation that can be considered urban. 
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One recent study suggests that the urban built-up area represents only 0.5 
per cent of global land area and it is only in Europe that it exceeds 1 per 
cent [55]. Other sources using different methodologies suggest higher fi g-
ures—for instance the Global Rural–Urban Mapping Project suggested 
2.7 per cent of global land area [56] although this is the land areas of 
urban settlements and so includes open land of various types within urban 
boundaries. Of course, if most urban expansion has been over high-quality 
agricultural land and only a small proportion of a nation’s land area is 
high-quality agricultural land, urban areas expanding from (say) one to 
three per cent of total land area could mean a serious loss of agricultural 
land. But it is also likely that there is much agricultural production within 
a proportion of the area defi ned as urban, particularly under the second 
study mentioned above. In cities where the role of urban agriculture has 
been studied, its scale and its contribution to livelihoods and food supply 
have often been found to be signifi cant [57].

However, many cities in low- and middle-income nations expand with-
out any land-use plan or strategic planning framework to prevent sprawl 
and unnecessary loss of agricultural land and to protect watersheds and 
other areas that provide key ecological services. The expansion is de-
termined by where different households, enterprises and public sector 
activities locate and build, legally or illegally [15]. This also produces 
a patchwork of high- and low-density land uses that no longer have the 
advantages noted above for reducing infrastructure costs and resource use.

In most locations, governments could and should restrict the loss of 
agricultural land to urban expansion. But this can also bring serious social 
consequences as a government policy that restricts the conversion of land 
from agricultural to non-agricultural uses around a growing city will push 
up land and house prices and often reduce still further the proportion of 
households that can afford a legal housing plot with infrastructure.

1.8 USING THE ADVANTAGES CITIES HAVE FOR REDUCING 
GREENHOUSE GAS EMISSIONS

Many sources claim that cities are responsible for 75–80% of all GHG 
emissions, although from the production perspective and drawing on IPCC 
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figures [58], the figure is likely to be 40–45% with agriculture, land-use 
changes and deforestation contributing to 31 per cent and the rest coming 
from energy supply, industry, transport, buildings and wastes in rural areas 
and in urban centres that are not cities [59]. But it is not cities (or small 
urban centres or rural areas) that are responsible for anthropogenic GHG 
emissions but particular activities by particular people, enterprises and in-
stitutions, a proportion of which are in cities. So one fundamental ques-
tion is whether the GHG emissions used in producing goods or services 
are allocated to the enterprises that made, transported, promoted and sold 
the goods and services or the person or household that consumed these. 
If emissions are assigned to the final consumer, some of the allocation is-
sues discussed earlier become clearer. For instance, GHG emissions from 
aviation are allocated to the person who flies. So a flight by a Londoner 
travelling from New York to South America would be allocated to Lon-
don. Under this consumption-based accounting, emissions from agricul-
ture, deforestation and industry could be assigned to the people who are 
the consumers of the industrial goods, wood products and food.

The choice of which system to use in setting limits and targets on GHG 
emissions has great signifi cance for how responsibilities are assigned be-
tween and within nations and cities. Dhakal’s [60] study of Asian cities 
showed that Beijing and Shanghai had higher per capita GHG emissions 
than Tokyo, when considering the emissions produced within these cities, 
but Tokyo had much higher per capita emissions if emission inventories 
for the cities included emissions that went into the goods purchased by 
city residents. If China’s manufacturing cities are assigned all the GHG 
emissions that were generated producing goods for export and transport-
ing them to their fi nal market, this implies a much larger responsibility 
for these Chinese cities (and China as a nation) in moderating and even-
tually reducing such emissions than if these emissions were allocated to 
the people who consumed these goods (and by implication to the nations 
or cities where they live) [61]. For London, a shift from production- to 
consumption-based accounting for GHG emissions increases the average 
Londoner’s responsibility for GHG emissions from 6 to 12 tonnes of CO2e 
a year [62].

Both production- and consumption-based accounting are useful. As-
signing GHG emissions to the range of enterprises involved in production 
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highlights more resource-intensive centres of goods production while as-
signing emissions to consumers highlights more affl uent places [63]. Un-
der the consumption-based accounting, the contribution of cities to GHG 
emissions would increase, although it is not cities in general that are the 
problem but cities (or other settlements) where there are concentrations of 
high-consumption individuals and households.

If responsibility for GHG emissions is allocated to the consumer, very 
large differentials become evident. The world’s wealthiest high-consump-
tion individuals are likely to be contributing tens of thousands of times 
more to global warming than many of the poorest individuals (although 
this is in part because the poorest individual’s contribution can be close 
to zero). For any individual to contribute to global warming, they have 
to consume goods and services that generate GHG emissions. Perhaps as 
many as 1.2 billion rural and urban dwellers worldwide have such low 
consumption levels that they contribute almost nothing to climate change. 
Their use of fossil fuels is very low (most use wood fuel, charcoal or dung 
for fuels) and they use no electricity. Most of these ‘very low-carbon’ peo-
ple will use transport that produces no carbon dioxide emissions (walking, 
bicycling) or low emissions (buses, mini-buses and trains, mostly used to 
more than full capacity [39]).

A recent study examined global carbon dioxide emissions from fossil 
fuel use based on the individuals whose consumption caused these emis-
sions rather than the nations within whose boundaries the emissions took 
place [64]. The wealthiest 700 million people’s consumption is respon-
sible for around half of all GHG emissions while the poorest 2.4 billion 
people contribute very little. What the paper emphasizes is the need to fo-
cus emission reduction policies on the high emitters (wherever they live). 
The paper also shows that allowing the growing number of people with 
very low emissions per person to achieve a good living standard (and its 
implications for increased emissions) does not add much to needed global 
emissions reduction targets. It also notes how many of the lowest-cost op-
portunities for reducing carbon dioxide emissions will be among the many 
millions who move to cities for the fi rst time and could be housed in well-
built energy-effi cient accommodation with effi cient appliances and well 
served by public transport.
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There is the obvious concern in regard to what urbanization implies for 
population growth as most of the world’s growth in population is taking 
place in urban centres in low- and middle-income nations and UN projec-
tions suggest that this is likely to continue [4]. But the GHG emissions 
generated by a person added to the world’s population varies by a factor of 
more than 1000 depending on the circumstances into which they are born 
and their life possibilities and chances. In addition, in low- and middle-
income nations, urbanization is associated with falls in population growth 
rates as fertility rates in urban areas are generally signifi cantly lower than 
in rural areas [42,65]. In terms of future worries about resource constraints 
and GHG emissions, it is not the growth in population but the growth 
in consumption that is the primary concern. Most of the growth in GHG 
emissions from 1980 to 2005 occurred in nations with low population 
growth rates [39]. London’s current population is smaller than it was in 
1941 yet Londoners’ total consumption of resources and their implications 
for GHG emissions are likely to have multiplied many times since then.

1.9 URBAN GOVERNANCE IN A RESOURCE 
CONSTRAINED WORLD

None of the potential advantages that urban centres have for high living 
standards (and good health) or for keeping down resource use, waste and 
GHG emissions happen automatically. They depend on governance struc-
tures—local governments and their relations with the population and civil 
society groups within their boundaries—making and implementing appro-
priate choices. This includes choices serving those with low incomes so 
they do not suffer profound health disadvantages. For wealthier cities, this 
includes the interests of people outside their boundaries and future gen-
erations [66]. So it depends on an acceptance by citizens and businesses 
of everyday practices that do not directly serve them (and may limit their 
consumption choices) to make local and regional resource use and waste 
disposal and global systems sustainable for future generations. It also de-
pends on modifying so many aspects of local government—for instance 
the regulations governing land use and buildings and ensuring that all 
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public buildings and government contracts for goods and services address 
these multiple goals. It also depends on incentives, regulations and stan-
dards set at higher levels of government—although it often falls to local 
government to implement them. It will be particularly difficult for many 
local governments in wealthy nations or wealthier districts of low- and 
middle-income nations to address these goals because it is difficult and 
expensive to modify the buildings, infrastructure and settlement patterns 
that developed in the era of cheap oil and no concern for GHG emissions. 
This is especially the case for low-density sprawl.

 Table 1 illustrates some of the different implications of a concern for 
environmental health and a concern for sustainable use of resources and 
sinks and the potential confl ict between many of these is obvious.

There are many examples of innovation and better practice from city 
governments in low- and middle-income nations where the need for im-
proved governance is most evident. Many come from local initiatives that 
arise from more competent and democratic urban governments in nations 
where decentralization programmes have given more power and resources 
to such governments [68]. Some address regional and global environmen-
tal issues as well as local environment and development issues—for in-
stance Manizales in Colombia with its comprehensive monitoring of the 
city’s environmental performance and its much-copied ‘environmental 
traffi c lights’ for keeping inhabitants informed of this [69]. Many others 
come from innovative local civil-society groups—usually a combination 
of grassroots organizations and local non-governmental organizations—
and increasingly from partnerships that these groups form with local gov-
ernments, which in turn contributes to more accountable and democratic 
local governments.

It is common to see city problems blamed on rapid city growth. But 
there are cities that have grown rapidly in the last 50 years that have avoid-
ed most of the problems noted above. For instance, Porto Alegre in Brazil 
has grown from under half a million inhabitants in 1950 to around 3.5 
million in its metropolitan area today. It has high-quality living environ-
ments and innovative environmental policies. Its inhabitants enjoy an av-
erage life expectancy and many indicators of environmental quality that 
are comparable to cities in Western Europe and North America—and also 
a city government that during the 1990s was well known for its commit-
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ment to supporting citizen participation, greater government accountabil-
ity and good public health and environmental management. Porto Alegre 
also integrated a wide-ranging environmental management policy into its 
participatory budgeting, rooted in a comprehensive regional environmen-
tal analysis [70,71].

TABLE 1: Comparing a concern for environmental health and for the sustainable use of 
resources and waste sinks for cities [67].

environmental health sustainable use of resources and waste 
sinks

key impact human health within the city ecosystem health, damage to ecosys-
tem services and climate change much 
of it outside the city

timing of 
human impact

immediate delayed; often indirect

scale and 
spatial focus

local and city wide the region around the city and global

worst affected lower income groups future populations

aspects emphasized in relation to:

water need for increased quantities and 
better quality to address inadequate 
access facing much of the population

over-use; need to reduce use, protect 
water resources and implement water 
demand-management

air high human exposure to hazardous 
pollutants at home and work

acid precipitation beyond city bound-
aries, GHG emissions

solid waste inadequate provision for collection 
and removal of household wastes

excessive generation of waste and 
poorly managed waste disposal

land inadequate availability inhibiting 
supplies of housing that low income 
groups can afford

loss of natural habitats and agricul-
tural land to urban development and 
expansion

human wastes inadequate provision for safely 
removing faecal matter (and waste 
water) from homes and living envi-
ronments

loss of nutrients in sewage and dam-
age to water bodies from release of 
sewage into waterways

typical 
proponent

urbanist environmentalist

Urban governance in a resource constrained world also needs pro-
grammes to tackle the backlog in infrastructure and services in the poorer 
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and worst-served areas of urban centres and to support ways in which 
lower income households can get better quality housing. This is also need-
ed to build resilience to climate change. Many of the most serious risks 
from climate change in cities arise because of poor quality housing built 
on sites at risk that lack basic protective infrastructure. Many cities in 
Latin America, Africa and Asia may have low GHG emissions per person 
but they house hundreds of millions of people who are at risk from the 
increased frequency and/or intensity of fl oods, storms and heat waves and 
water supply constraints that climate change is bringing or likely to bring 
[72]. It is generally low-income groups that are most at risk as they live on 
sites at risk of fl ooding or landslides, lacking the drains and other needed 
protective infrastructure. The costs of addressing this very large backlog in 
basic infrastructure and housing which underpins vulnerability to climate 
change are at present not included in estimates for the costs of climate 
change adaptation [73]. Perhaps more worryingly, even if the funding 
was available, for many cities, the capacity and willingness to address the 
risks, especially those faced by lower income groups, is not there.

However, there are many co-benefi ts between improving housing and 
living conditions and building resilience to climate change. Many cities 
have had major ‘upgrading’ programmes to improve provision for water, 
sanitation, drainage and garbage collection in inner-city tenement districts 
and in squatter settlements. Initially, these were seen as one-off projects 
in ‘targeted’ neighbourhoods; now there is a recognition that city and mu-
nicipal governments need the capacity and competence to support contin-
uous upgrading programmes throughout the city, working in partnership 
with their inhabitants. The example of CODI given earlier has particular 
signifi cance in three aspects: the scale; the extent of community involve-
ment; and the extent to which it seeks to institutionalize community-driv-
en solutions within local governments [48]. Although this programme was 
never intended as a response to climate change, it has reduced risk levels 
because of better quality housing with needed infrastructure and services.

In many other nations, national organizations or federations of ‘slum’ 
dwellers are working with local governments to improve housing condi-
tions and reduce risks from disasters [40,74]. What is unusual about these 
federations is that they recognized that making demands on governments 
that those governments cannot fulfi l did not serve them. Many had tried 



How Urban Societies Can Adapt to Resource Shortage 27

the conventional approaches of protest, strikes, barricades and marches. 
They came to recognize that they had to change their relations with politi-
cians and civil servants, especially to show that ‘slum’ dwellers and their 
settlements were not ‘the problem’ and how, with local government sup-
port, they could generate solutions [75]. Federations in many nations have 
demonstrated to governments their capacity to design and build housing 
and infrastructure that is cheaper and better quality than if governments 
get these built by contractors. These federations have also demonstrated 
a capacity to undertake the enumerations and mapping of informal settle-
ments needed for planning upgrading. With these demonstrations of their 
competence and capacity, they offer local governments partnerships—
and where local governments work with them, the scale of what can be 
achieved increases greatly. Partnerships between local governments and 
these federations can address the critical health issues and contribute to 
resilience to local climate change impacts. The kind of high-density up-
grading or new house development that these federations prioritize are 
also compatible with high-density and resource use effi ciency.

1.10 DESIRABLE URBAN CENTRES 
WITH LOW ECOLOGICAL FOOTPRINTS

Cities concentrate so much of what contributes to a very high quality of 
life that need not imply high material consumption levels (and thus high 
GHG emissions)—theatre, music, museums, libraries, the visual arts, 
dance, festivals, the enjoyment of historic buildings and districts, diverse 
choices for eating, easy access to many other services or simply the enjoy-
ment of being in a diverse and vibrant place. Cities have also long been 
places of social, economic and political innovation at local and national 
levels. Indeed, in high-income nations, many city politicians have demon-
strated a greater commitment to GHG reduction than national politicians. 
Achieving the needed reduction in GHG emissions globally and more sus-
tainable patterns of resource use depends on understanding this potential 
of cities to combine a high quality of life with less material resource use 
and waste and low GHG emissions. New technologies may help but the 
scale of the needed reduction in GHGs suggests that, as Rees notes, the 
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wealthy may have to accept lower material standards for enhanced geo-
political and ecological security [76]. It will also need the expertise of 
ecologists applied to urban systems [2] and urban governments recover-
ing control over land-use changes and integrating ecological concerns and 
climate resilience into this [77].

This paper has also highlighted how it is not cities or urbanization but 
high-consumption lifestyles that underpin unsustainable or potentially un-
sustainable levels of resource use, waste and GHG emissions—whether 
or not those who have such lifestyles live in cities or other urban centres 
or rural areas. In high-income nations and in many parts of middle-in-
come nations, most of the rural population no longer work in agriculture, 
forestry or fi shing. They also enjoy levels of infrastructure and service 
provision that used to be associated with urban areas. A high proportion 
of those of working age commute to urban centres and also travel there 
for recreation. Advanced communications systems allow much work to 
be done from people’s homes that need not be in cities. It is the resource 
use and waste generation implications of income levels and consumption 
choices that need consideration much more than the proportion of people 
living in cities.
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CHAPTER 2

Greenhouse Gas Emissions Accounting 
of Urban Residential Consumption: 
A Household Survey Based Approach

TAO LIN , YUNJUN YU, XUEMEI BAI, LING FENG, AND JIN WANG

2.1 INTRODUCTION

More than half of the world’s population are living in cities and urban-
ization is transforming the global environment at unparalleled rates and 
scales [1], [2]. Cities are estimated to account for about 78% of total global 
greenhouse gas (GHG) emissions, but are also the loci for innovative solu-
tions to reduce emissions [3]–[8]. Household lifestyle has been recognized 
as a major driver of energy use and related GHG emissions besides tech-
nology efficiency [9]–[14]. Carbon management in cities is increasingly 
focusing on individuals, households, and communities due to population 
growth and improved living standards of urban residents [14]–[19]. A bet-
ter understanding of urban residential consumption patterns in relation to 
urban system structure and processes, and their linkages to GHG emis-
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sions emission profiles, will enable cities to develop tailor-made planning 
and policy measures towards low carbon cities.

The present accounting methods of GHG emissions can be roughly 
categorized into production-based and consumption-based accounting ap-
proaches [20], [21]. Production-based approaches are always exemplifi ed 
in national-scale inventories and tracks mainly the direct GHG emissions 
across all production sectors and the residential sector within the political 
or geographical boundary [20], [22]. These approches do not include energy 
embodied in imported goods and services. Strict boundary-limited GHG ac-
counting is unsuitable for cities because they don’t include embodied emis-
sions in imported goods and services. Theoretically, consumption-based 
accounting provides the most rigorous GHG estimation incorporating trans-
boundary emissions. Consumption-based approaches link the consumption 
levels and patterns of urban residents with the associated direct and embod-
ied GHG emissions whether those occur inside or outside the city boundary, 
through the proxy of local household expenditure. As a result, in cities with 
signifi cant export-related industrial activities and relatively low resident 
populations, the consumption-based accounting approach will likely lead to 
lower GHG emissions estimates compared to production-based accounting 
approaches. Conversely, for residence and service-oriented cities that typi-
cally import all energy and energy-intensive materials and goods, consump-
tion-based accounting approach will more likely yield substantially higher 
estimation compared to production-based accounting approaches [22]. Pro-
duction-based accounting approaches often based on top-down statistical 
data which uses same categories and defi nitions and is internally consistent 
to allow comparisons and benchmarking. While consumption-based ac-
counting approaches are always based on an extensive city wide survey and 
only a limited number of consumption-based accounts for cities are avail-
able [23]. Sampling errors in consumption surveys may add some degree of 
uncertainty [24]. However, it can refl ect consumption choices and empower 
households and governments to redirect a low-carbon lifestyle [20].

The last three decades have seen unprecedented urbanization in China, 
from 19% in 1980 to 51% in 2011, and this rapid urbanization is expected 
to continue in the coming decades. Currently, the 35 largest cities contain 
18% of the national population, but account for 40% of China’s energy 
use and GHG emissions [25]. The socioeconomic development in Chi-
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nese cities and large numbers of new urban migrants has driven signifi cant 
increases in energy use and related GHG emissions, because urban com-
munities have a greater per capita energy demand than rural settlements 
[26]. Changing urban lifestyles will play an increasingly important role in 
shaping China’s energy demand and GHG emissions. However, existing 
research on GHG emissions accounting in China mostly employ produc-
tion-based accounting using top-down government statistics, and embod-
ied energy use and GHG emissions driven by residential consumption are 
often omitted or underestimated.

In this paper, we present a survey based GHG emissions accounting 
methodology for urban residential consumption, and apply it in Xiamen 
City, a rapidly urbanizing coastal city in southeast China. Based on our 
results, we explore the current main infl uencing factors determining resi-
dential GHG emissions at the household and community scale, and pres-
ent typical profi les of low and high GHG emission households and com-
munities. Based on the results, policy implications for developing a low 
GHG emissions urban consumption pattern are discussed.

2.2 METHODS

Our study consists of four steps: (1) designing a city-wide questionnaire 
survey; (2) defining the system boundary, establishing consumption catego-
ries and GHG emissions accounting methodology for seven consumption 
categories; (3) conducting the survey; and (4) data processing and analysis 
of the survey results, including influencing factor analysis and profiling of 
low, medium and high GHG emission households and communities. Our 
study obtained ethical approval from the Academic Committee of the Insti-
tute of Urban Environment (IUE), Chinese Academy of Sciences.

2.2.1 SURVEY DESIGN

In our study, all the data for GHG emissions accounting of urban residen-
tial consumption and influencing factor analysis are derived from an on-
site questionnaire survey. The questionnaire consists of two components: 



38 Urban Development for the Twenty-First Century

household information and residential consumption. The survey variables 
of each component are listed in Table 1. GHG emissions accounting of 
urban residential consumption focuses on seven categories including 
electricity use, fuel consumption, transportation, solid waste treatment, 
wastewater treatment, food, and housing (which is treated as a consum-
able durable good). The quantity consumed in each category was collected 
directly or converted from the surveyed residential consumption variables, 
for example, we calculated the actual water consumption by dividing the 
surveyed water rate of household by current water price. The influencing 
factors of urban residential GHG emissions in our study were classified 
into variables at household and community scale. Residential status (per-
manent population or transient population), marital status, household size, 
age, household income, housing area, education, building age, and num-
ber of houses were considered to be potential influencing factors at the 
household scale. Average housing area, building age, average household 
income, building height, and average household size were considered to 
be potential influencing factors at the community scale.

TABLE 1: Components and survey variables in residential consumption questionnaire.

Components Survey Variables

Household Information Residential status; marital status; household size; age; educa-
tion; household income

Residential Consumption Number of houses; housing area; building height; building 
age; water fee; power fee; gas fee; waste production; food 
consumption; transportation destination; mode of transport; 
trip frequency; travel time

In view of the heterogenous spatial demographics of households and res-
idential communities, we applied the spatial sampling method, which takes 
the spatial distribution characteristics of the object into account. The prin-
ciple of this method is to balance the cost of sampling with the desired sam-
pling precision, depending on study objectives and spatial variation [27], 
[28]. The spatial distribution characteristics in our study included topog-
raphy, population density, standard land price, and administrative division.
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2.2.2 SYSTEM BOUNDARY 
AND ACCOUNTING METHODOLOGY

In our study, the GHG emissions accounting of urban residential consump-
tion was classified into seven categories: housing, electricity use, fuel con-
sumption, wastewater treatment, solid waste treatment, transportation and 
food consumption. Those residential consumptions had covered the key 
urban infrastructural flows and materials [20], [29]. As for the data collec-
tion limited, the embodied emissions in manufactured goods, appliances 
and water supply were left out. GHG emissions were expressed in carbon 
dioxide equivalents (CO2e) and different greenhouse gases (GHGs) were 
converted into CO2e emissions by using IPCC global warming potential 
(GWP) parameters [30]. The system boundaries varies according to dif-
ferent categories of residential consumption. The seven GHG emission 
categories were therefore classified into three sources according to the 
general path of primary energy or materials to the end-users [22]: primary 
equivalent GHG emissions from regional and national economic activity 
supplied to meet household demand (referred to as PR-sourced hereaf-
ter), primary equivalent GHG emissions from urban economic activities 
supplied to household demand (PU-sourced), and household direct GHG 
emissions from household activities (DH-sourced). Figure 1 shows the 
spatial extension of the system boundaries for each of the seven categories.

2.2.2.1 GHG EMISSIONS FROM ELECTRICITY USE 
AND FUEL CONSUMPTION

GHG emissions from electricity use and fuel consumption were derived 
from the direct energy use of household activities such as cooking, heating 
and lighting, and household appliances such as computer, television and 
refrigerator. GHG emissions accounting of these two consumption catego-
ries commonly multiply the actually consumed amount by the correspond-
ing emission factors. The GHG emissions from electricity use and fuel 
consumption are respectively calculated using the following two formulas:
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EE = EC × EFe = Ec × (EFq × Wq + EFc × Wc)                                          (1)

Where, EE is GHG emissions from residential electricity per month; Ec is 
amount of residential electricity consumption per month; EFe is the emission 
factor of electricity. EFq and EFc are the marginal emission factor of electri-
cal quantity and marginal emission factor of electrical capacity of the East 
China Power Grid in 2009, which represent the the emission factors of cur-
rently running plants and newly built plants charged by East China Power 
Grid respectively [31]; Wq and Wc are respective weights of the emission 
factors for electricity. Here, we assign the same value to the two weights.

EF = Fc × EFg = Fc × (EFlpg × Wlpg + EFng × Wng)                                      (2)

Where, EF is GHG emissions from residential gas consumption per month; 
Fc is amount of residential gas consumption per month; EFg is the emis-
sion factor of gas. EFlpg is emission factor of liquefied petroleum gas; EFng 
is emission factor of natural gas; Wlpg, Wng are weights of the emission 
factors for liquefied petroleum gas and natural gas respectively. Here, we 
assign the values to the two weights according to the gas consumption 
proportion in Xiamen City (0.63 for liquefied petroleum gas and 0.37 for 
natural gas). The emission factors are referenced from the 2006 IPCC 
guidelines for national greenhouse gas inventories [30].

2.2.2.2 GHG EMISSIONS FROM TRANSPORTATION

The GHG emissions from transportation were estimated according to dif-
ferent modes of transport and corresponding consumption of diesel, pet-
rol, gas or electricity. According to the GHG emissions accounting method 
for mobile sources [30], we calculate the GHG emissions by multiplying 
GHG emissions intensity per unit time with the travel time of each travel 
mode, according to the following two formulas:
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(3)

Where ET is total GHG emissions from transportation per month. EFj is 
emission factor per unit time of travel mode j; Tj is average travel time 
of travel mode j; Travel mode j represents walking, cycling, private car, 
taxi, public bus, bus rapid transit (BRT), shuttle bus, or motorcycle respec-
tively. fj is frequency of travel mode j. The EF of walking and biking is 0; 
the motorcycle EF is estimated through electricity consumption per unit 
time, as most motorcycles in Xiamen City are electric powered. The EF of 
private car, taxi, public bus, BRT, and shuttle bus are estimated as follows:

EFj = Sj × Ej/Qj/Vj × a × G × ef                                                                (4)

Where Sj is total operation mileage per unit time of mode j; Ej is fuel con-
sumption per unit distance; Qj is passenger volume per unit time of travel 
mode j; Vj is travel time per capita of travel mode j; a is fuel density of 
diesel or gasoline; G is net heat value of diesel or gasoline; ef is emission 
factor of diesel or gasoline (see Table 2).

2.2.2.3 GHG EMISSIONS FROM FOOD CONSUMPTION

The GHG emissions from food consumption mainly consist of direct 
emissions from human metabolism and indirect emissions from food pro-
cessing and supply. As the direct GHG emissions from food consumption 
by human metabolism will overlap the GHG emissions from wastewater 
treatment, here only the indirect GHG emissions from food processing and 
supply are calculated using the following formulas:

EFi = EFd × K                                                                                           (5)
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Where EFi is indirect GHG emissions from food consumption; EFd is di-
rect GHG emissions from food consumption; K is proportion of EFi to 
EFd and refers to the proportion of indirect GHG emissions to direct GHG 
emissions from Chinese residential food consumption in 2006 [32]. EFd is 
estimated as follows:

(6)

Ri = Cpi × Pi + Cfi × Fi + Cci × Ci                                                               (7)

Where Wi is consumption amount of food i; Ri is carbon content of food 
i; Cpi, Cfi, and Cci are contents of protein, fat, and carbohydrate of food i 
respectively; Pi, Fi, and Ci are the carbon content of protein, fat, and carbo-
hydrate respectively; Cpi, Cfi, and Cci refers to China food composition [33].

TABLE 2: Parameters for estimating the emission factors of different travel modes in 
Xiamen City.

Travel 
Mode

Sj
a,d Ej

a Qj
a Vj

a Fuel Type Calorific 
valueb

EFc

(100 km/a) (L/100km) (P/a) (minute) (kJ/kg) (tC/TJ)

Taxi 62,055,780 10.5 22,813 25.46 gasoline 43,124 69.2

Bus 1,763,045 25 41,180 25.46 diesel 42,705 74.0

BRT 26,825 36 2,375 25.46 diesel 42,705 74.0

Shuttle 536,954 23 15.243 25.46 diesel 42,705 74.0

aThe data of Sj, Ej, Qj, and Vj are derived from Xiamen City’s Transportation Committee and 
Xiamen Transportation Company. bCalorific values are taken from “General calculation 
principles for total production energy consumption (GB/T-2589-2008)” (in Chinese). 
cEmission factors were extracted from the Technology and Environmental Database (TED) 
in Lin’s study [6]. dThis equation will always underestimate the total emissions due to 
transport because the parameter Sj does not record fuel use while a vehicle is stationary.
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2.2.2.4 GHG EMISSIONS FROM HOUSEHOLD 
SOLID WASTE TREATMENT

In 2009, household solid waste disposal and treatment in Xiamen City 
included landfill (80%) and incineration (20%) The GHG emissions from 
landfill diposal mainly considered to be emissions of CH4 and CO2 from 
the landfill yard, which can be estimated as follows [34]:

(8)

(9)

Where ECH4 and ECO2 are amount of CH4 and CO2 emitted from solid waste 
disposal respectively; MSW is mass of solid waste deposited in Xiamen 
City in 2009; η1 is proportion of solid waste deposited to landfill; DOCj 
is fraction of degradable organic carbon to degradable component j; Wj is 
fraction of degradable component j to total solid waste deposited; 16/12 is 
molecular weight ratio CH4/C; r is fraction of degradable organic carbon 
that can decompose; F is volume fraction of CH4 in generated landfill gas; 
R is the recovery rate of CH4; OX is the oxidation rate of CH4; GWPCH4 is 
the global warming potential of CH4.

According to 2006 IPCC guidelines for national greenhouse gas inven-
tories [30], the GHG emissions from landfi ll incineration is mainly from 
CO2 and N2O and can be estimated as follows:

(10)
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(11)

Where ECO2 and EN2O are amount of CO2 and N2O emitted from solid waste 
incineration; η2 is proportion of solid waste deposited by incineration; dmj 
is dry matter content of degradable component j; CFj is fraction of carbon 
in degradable component j; OFj is oxidation factor; 44/12 is the molecular 
weight ratio CO2/C; EFN2O is emission factor of N2O from waste incinera-
tion; GWPN2O is global warming potential of N2O.

2.2.2.5 GHG EMISSIONS FROM HOUSEHOLD 
WASTEWATER TREATMENT

In our study, all the household water used was assumed to be transformed 
to wastewater. The calculation of GHG emissions from wastewater treat-
ment mainly considered sewage plant emissions of CH4 which are pro-
duced from anaerobic treatment process and can be calculated as follows:

ECH4 = W × PCOD ×  × EFCH4 × GWPCH4                                                (12)

Where ECH4 is production of CH4 from wastewater treatment; W is mass of 
wastewater; PCOD is content of chemical oxygen demand in wastewater; η 
is fraction of wastewater through anaerobic treatment; EFCH4 is emission 
factor of CH4.

2.2.2.6 GHG EMISSIONS FROM HOUSING

In our study, housing is considered to be a durable consumable good with 
a lifetime of fifty years, as this is the maximum service life of residential 
housing regulated by the Ministry of Housing and Urban-Rural Develop-
ment, PR China. Lifecycle GHG emissions result from material mining 
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and processing, construction, house operation and demolition, but material 
mining and processing and house operation are responsible for most of the 
emissions. In principle, GHG emissions from housing operation should be 
the same to those from household electricity use and fuel consumption, so 
the GHG emissions from housing mainly considered lifecycle GHG emis-
sions from building materials. There are two types of residential build-
ings (masonry-concrete and steel-concrete) in Xiamen. Liu et al. estimated 
the energy consumption and environmental emissions of the two types of 
residential building using life cycle analysis and the Boustead Model [35]. 
Based on her estimation of GHG emissions per unit area for the two types 
of residential building (see Table 3), GHG emissions from the two types 
of housing can be calculated as follows:

(13)

Where EHC is GHG emissions from housing; EFj is emission amount of 
greenhouse gas j; j represents CO2, CO, and N2O respectively; GWPj is 
global warming potential of gas j; BA is the building area.

TABLE 3: GHG emissions per unit area in the lifecycle of building materials.

GHGs GHG emissions in the lifecycle kg/m2 GWPj

Steel-concretea Masonry-concretea

CO 20.1 7.5 2

CO2 954.2 828.51 1

NOx 6.2 2.68 310

aThe emissions factors of steel-concrete and masonry-concrete refer to Liu’s study [33].
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2.2.3 STUDY AREA AND SURVEY IMPLEMENTATION

Xiamen is a typical coastal city located in southeast China (24°25′N-24°
55′N, 117°53′E-118°27′E). It has a land area of 1,565 km2 and a sea area 
of 390 km2 [36]. The rapid urban expansion and economic development 
of Xiamen was not triggered until the implementation of China’s ‘reform 
and opening-up’ policy in 1980, when the Xiamen Special Economic Zone 
was established on the island. Since then, Xiamen has undergone rapid ur-
banization and its urban population has grown at an remarkable speed. Its 
regional GDP reached 173.72 billion yuan in 2009, having been just 1.72 
billion yuan (comparable GDP value) in 1980. Meanwhile the urbaniza-
tion ratio increased rapidly from 35% to 80%, and in 2009 the population 
of Xiamen reached 2.52 million with a population density of 1,602 people 
per km2. Average urban disposable income and consumption expenditure 
reached 26,131 yuan and 17,990 yuan respectively. Residential electricity 
consumption was 2.75 billion kWh in 2009, up from 0.64 billion kWh 
in 1999. Residential water use was 9900 million ton, compared to 8300 
million ton in 1999. In 2009, Xiamen became one of the first ten pilot cit-
ies of the ‘COOLCHINA-2009 civil low-carbon action pilot project’. Un-
derstanding the characteristics of GHG emissions from urban residential 
consumption is in urgent needed to reduce residential GHG emissions and 
develop a low carbon city.

The downtown area is located in Xiamen Island and off island districts 
are mainly peri-urban areas. According to the spatial sampling, 44 typical 
communities, including 28 from Xiamen Island (I1-I28) and 16 from Xia-
men mainland (O1-O16), were determined as the survey sites (see Figure 
2). The onsite questionnaire surveys were conducted in the targeted com-
munities in October 2009 and July 2010. 1,485 questionnaires were com-
pleted, of which 714 questionnaires satisfi ed all the information needed in 
this study. This represented a sampling of about 0.1% of the total house-
holds in the targetted area.
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2.2.4 DATA PROCESSING AND STATISTICAL ANALYSIS

Some questionnaire variables are quantitative (e.g. household size, wa-
ter use per month) while other variables are qualitative (e.g. residential 
status, marriage, and education). However, all qualitative variables were 
transformed into ordinal variables to facilitate statistical analysis in SPSS 
(IBM Corporation). The transformation standards are shown in Table 4. 
Analysis of variance (ANOVA) which is able to test whether data from 
several groups have a common mean, was applied to test which potential 
factors would cause a significant difference (P<0.05) in urban residential 
GHG emissions. Second, a stepwise linear regression analysis was ap-
plied to identify the major influencing factors, taking the potential factors 
as independent variables and urban residential GHG emissions as depen-
dent variables. Finally, taking the main influencing factors identified from 
regression analysis as the analysis variables, the 714 households and 44 
communities of Xiamen City were respectively clustered into three GHG 
emission categories through K-means cluster analysis. This allowed the 
characteristics of low, medium and high GHG emission households and 
communities to be summarized and compared.

TABLE 4: Standards to transform qualitative variables into ordinal variables.

Qualitative variables Transform Standards

Residential status Registered resident = 1; Non-registered resident = 2

Marital status Unmarried = 1; Married = 2; Divorced = 3

Age <25 =1; 25~30 =2; 31~40 = 3; 41~50 = 4; 51~59 = 5; >59 = 6

Education Elementary = 1; Junior = 2; Senior = 3; College = 4; Graduate = 5; Oth-
ers = 6

Household income <2,000 = 1; 2,000~5,000 = 2; 5,000~10,000 = 3

(yuan/month) 10,000~20,000 = 4; >20,000 = 5

Housing area m2 <40 = 1; 40~69 =2; 70~89 = 3; 90~119 = 4; 120~149 = 5; >149 = 6

Number of houses None =1; 1 house = 2; 2 houses = 3; >2 houses =4

Building age Before 1980s = 1; 1980–1990 = 2; 1990–2000 = 3; after 2000 = 4

Building height 1–7 = 1 (low-rise building); >7 = 2 (high-rise building)
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2.3 RESULTS

2.3.1 GHG EMISSIONS FROM URBAN RESIDENTIAL 
CONSUMPTION

In 2009, the average GHG emissions of urban residential consumption per 
household in Xiamen City were 1042.31 kg CO2e/month. The emission in-
tensities per household of the seven categories of residential consumption 
activities could be ranked in decreasing order as: housing (32.98%)>elec-
tricity use (26.84%)>food (15.17%)>transportation (9.21%)>solid waste 
treatment (6.44%)>wastewater treatment (5.20%)>fuel consumption 
(4.16%). The average per capita GHG emissions from Xiamen urban resi-
dential consumption were 323.37 kg CO2e/month. The order of the emis-
sion intensities per capita of the seven categories of residential consump-
tion activities was same as for households: housing (34.11%)>electricity 
use (26.17%)>food (15.23%)>transportation (8.51%)>solid waste treat-
ment (6.61%)>wastewater treatment (5.17%)>fuel consumption (4.20%) 
(see figure 3).

According to the system boundary classifi cation, the majority of the 
GHG emissions from urban residential consumption in Xiamen City were 
derived from national or regional energy and material supply (PR-sourced), 
including building materials, electricity, and most food, which accounted 
for 70.43% of total GHG emissions. Urban economic activities supporting 
residential consumption (PU-sourced), including waste water treatment, 
solid waste treatment and a small fraction of food supply, accounted for 
16.86% of total GHG emissions. The direct household GHG emissions 
(DH-sourced) only accounted for 12.71% of the total GHG emissions.

At the household scale, the per household and per capita average GHG 
emissions from urban residential consumption of Xiamen island (down-
town) communities were 991.78 kg CO2e/month and 321.21 kg CO2e/
month respectively. The per household and per capita average GHG emis-
sions from urban residential consumption per household and per capita 
of Xiamen mainland communities (peri-urban areas) were 1098.32 kg 
CO2e/month and 335.54 kg CO2e/month respectively (see fi gure 4). The 
per household GHG emissions of the downtown communities were not 
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signifi cantly different from of the peri-urban communities (P = 0.243). 
However, the per capita GHG emissions of the downtown communities 
were signifi cantly lower than of the peri-urban communities (P = 0.031). 
The major difference between the downtown and peri-urban communi-
ties were in household electricity use and transportation. In addition, dif-
ferences in average household size meant that the communities with the 
highest and lowest GHG emission per household were not the same as the 
communities with the highest and lowest GHG emissions per capita. For 
example, the community I18 had the highest per household GHG emis-
sions in the downtown but its per captia GHG emissions were lower than 
I22 because the latter have a smaller average houshold size.

TABLE 5: One-way ANOVA analysis of potential influencing factors.

Survey Variables Total GHG Emissions Consumption Categories

Per household Per capita Per household Per capita

Residential statusa Yes Yes 4,5,6 2,6

Marital statusa Yes No 4,5,7 4,5,7

Household sizea / Yes / 1,2,3,4,5,6

Household income a Yes Yes 1,4,5,6,7 1,5,6,7

Housing area a Yes Yes 1,2,4,5,6,7 1,2,4,5,6,7

Educationa Yes Yes 1,3,5,6,7 1,3,5,6,7

Agea Yes Yes 1,5,6,7 1,5,6,7

Building agea Yes Yes 1,2,4,5,6 1,2,4,5,6

Number of housesa Yes Yes 1,4,5,6,7 1,4,5,6,7

Average housing areab Yes Yes 1,4,6,7 1,4,6,7

Building ageb Yes Yes 1,4,6 1,4,6

Building  heightb Yes Yes 1,4,5,6 1,4,5,6

Average household incomeb Yes Yes 4,5,6 4,5,6

Average household sizeb / No / 4

arepresents the variables at household scale and b represents va riables at community scale. 
Yes means the survey va riable caused a significant difference in total GHG emissions 
and No means not significant. Numbers 1-7 respectively represent GHG emissions from 
the following seven residential consumption categories: Electricity use, Fuel consumption, 
Solid waste treatment, Wastewater treatment, Food consumption, Housing, and 
Transportation.
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2.3.2 INFLUENCING FACTORS OF URBAN 
RESIDENTIAL GHG EMISSIONS

Analysis of variance (ANOVA) was applied to test each survey variable 
to see whether it caused a significant difference (P<0.05) in total GHG 
emissions per household and per capita. If it did, then ANOVA was fur-
ther used to test which consumption category showed a significant dif-
ference corresponding to the survey variable. The results are shown in 
Table 5. At the household scale, residential status, marital status, house-
hold income, housing area, education, age, building age, and number 
of houses can affect per household GHG emissions. Residential status, 
household size, household income, housing area, education, age, build-
ing age and number of houses can affect GHG emissions per capita. 
At the community scale, average housing area, building age, building 
Height and average household income can affect GHG emissions per 
household and per capita.

The results of regression analysis are shown in Table 6. At the house-
hold scale, housing area, household income, building age, household 
size, marital status, and age present in the regression formula of GHG 
emissions per household, indicating they are the infl uencing factors of 
GHG emissions per household in the statistical sense. Housing area is 
the main infl uencing factor with the largest standard regression coef-
fi cient of 0.475. Household size, housing area, building age, household 
income, and residential status present in the regression formula of GHG 
emissions per capita. Household size and housing area are the main 
infl uencing factors, with standard regression coeffi cients (the relative 
importance of the independent variables to the dependent variable) of 
−0.479 and 0.456 respectively. At the community scale, average housing 
area and building story present in both the regression formulas of GHG 
emissions per household and per capita. Their standard regression coef-
fi cients are respectively 0.519 and 0.497 per household and 0.455 and 
0.656 per capita.
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2.3.3 CHARACTERISTICS OF URBAN RESIDENTIAL 
GHG EMISSIONS

At the household scale, taking housing area, household size, building age, 
household income, and GHG emissions per household and per capita as 
the analysis variables, the 714 surveyed households are categorized into 
three groups (low, medium and high GHG emission households) using 
K-means cluster analysis (see Table 7). The final cluster centers are com-
puted as the mean for each variable within each final cluster and reflected 
the typical characteristics of the three household categories. A high GHG 
emission household is always characterized as consisting of 4 persons 
with more than 150 m2 of housing area, living in a building constructed af-
ter 2000, and with a monthly household income of 10,000–15,000 yuan. A 
low GHG emission household is characterized as 3–4 persons with about 
80–90 m2 of housing area, living in a building constructed in the 1990s, 
and with a monthly household income of 6000 yuan. High GHG emis-
sions households emit 4.86 times more than low GHG emissions house-
holds. Comparing low and high GHG emissions households, the increase 
in GHG emissions from electricity use per household is the most signifi-
cant, followed by increases from housing, transportation and wastewater 
treatment. Increases are also observed in the other three categories of resi-
dential consumption, but the growth rates are very small (see figure 5a).

At community scale, taking average housing area, building height, 
and GHG emissions per household and per capita as the analysis vari-
ables, the 44 surveyed communities are categorized into low, medium, 
and high GHG emission communities (see Table 7). The fi nal cluster 
centers show that high GHG emission communities are usually charac-
terized by an average housing area of about 120 m2 and buildings usu-
ally with eight fl oors or more. Communities with a lower level of GHG 
emissions are characterized by an average housing area of about 70–80 
m2 and buildings with seven fl oors or fewer. The difference between 
low and high GHG emissions communities is less than at the household 
level, but high GHG emissions communities emitt 2.09 times as much 
as low GHG emissions communities. From low to high GHG emissions 
communities, the increase in emissions from housing is the most signifi -
cant, followed by electricity use and transportation. An increase is also 
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observed in the other four residential consumption categories, but the 
growth rates are very small (see fi gure 5b).

2.4 DISCUSSION

2.4.1 CHARACTERIZING GHG EMISSIONS FROM URBAN 
RESIDENTIAL CONSUMPTION

The lifestyles of city residents are influenced by physical, social, economic 
factors, as well as the cultural background which affect GHG emissions in 
various ways. A bottom-up social survey can directly connect lifestyle fac-
tors to the GHG emissions from residential consumption and provide poten-
tial breakthrough points for carbon reduction policymaking. For example, 
housing area was the main influencing factor of residential GHG emissions 
at the household scale in Xiamen City. If other factors remained constant, 
larger housing area would result in larger GHG emissions, so policies to 
reduce housing area per urban household would be an effective measure to 
control residential GHG emissions for Xiamen City. Currently low-storey 
buildings are being rapidly replaced by high-rise buildings in Chinese cities 
to increase compactness [37] and this is also believed to have the co-benefit 
of reducing GHG emissions [38]. However, our results show that high-sto-
rey residential buildings and spacious housing both tend to increase GHG 
emissions from urban residential consumption. It is hard to develop a low-
carbon city simply by increasing the compactness of residential buildings. 
Effective carbon reduction policies must therefore consider other ways to 
reduce emissions from residential consumption, as will be discussed below.

Another advantage of the survey based approach is that it offers the 
possibility to further break down the underlying factors. Household size 
is widely recognized as a major factor infl uencing residential GHG emis-
sions[10], [17], [39]–[41], and larger households tend to be more effi cient 
in terms of per capita energy use [10], [40], [42]. Our study did fi nd that 
residential GHG emissions per capita tended to decrease with increasing 
household size, but only to an optimum household size of four persons. A 
four-member family could be comprised of, for example, a middle-aged 
couple with two children, a middle-aged couple with one child and an 
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elderly parent, or an elderly couple living with a child and his/her spouse. 
Family composition may be a key underlying factor in determining resi-
dential GHG emissions and merit further study.

TABLE 6: Stepwise linear regression of the potential influence factors.

Independent 
variables

Unstandard-
ized Coef-
ficients

Standardized 
Coefficients

Independent 
Variables

Unstandard-
ized Coef-
ficients

Standardized 
Coefficients

Household 
scale

per household Household 
scale

per capita

Constant –457.746 / Constant 205.982 /

Housing area 201.671 0.475 Household 
size

–81.058 –0.479

Household 
income

97.823 0.178 Housing area 67.961 0.456

Household 
size

68.934 0.143 Building age 29.499 0.127

Building age 76.693 0.116 Household 
income

25.329 0.131

Marital status 130.792 0.101 Residential 
status

24.666 0.061

Age –31.109 –0.072

R2 0.650 R2 0.669

F 84.470 F 126.068

P <0.001 P <0.001

Community 
scale

per household Community 
scale

per capita

Constant 122.132 / Constant 28.502 /

Average 
housing area

226.844 0.519 Building 
height

107.818 0.565

Building 
height

294.515 0.497 Housing area 64.074 0.455

R2 43.855 R2 0.692

F <0.001 F 45.954

P P <0.001
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Residential consumption will play an increasingly important role in fu-
ture to shape China’s energy demand and GHG emissions. It is necessary to 
understand the tendencies of Chinese urban lifestyles to achieve low-carbon 
city development. In our study, the infl uential factors of residential GHG 
emissions presented similar trends from low to high GHG emissions house-
holds and communities (see Table 7). This GHG emissions gradient existing 
among present households and communities can provide valuable informa-
tion on the likely future changes in Chinese urban residential consumption. 
Currently, most urban households and communities in Xiamen are low or 
medium carbon emitters (see Table 7). Future urbanization and socioeco-
nomic development is likely to result in increasing income levels, hous-
ing renovation, an increase in housing area and the replacing of low-storey 
buildings with high-rise apartment blocks. As a result, the proportion of low 
GHG emissions households and communities will gradually reduce while 
high-carbon households and communities is likely to increase rapidly. At the 
same time, the composition of residential GHG emissions will change, and 
GHG emissions from housing and transportation may grow signifi cantly.

2.4.2 POLICY MAKING TOWARD A LOW-CARBON URBAN 
CONSUMPTION PATTERN

Jones and Kammen argued that realizing GHG emissions reduction required 
behavior change at the household level through personalized feedback [14]. 
This makes theoretical sense, because the most effective measure to reduce 
GHG emissions from household consumption is to cut unnecessary material 
or energy use directly. However, our results suggest that from a lifecycle 
perspective, the largest carbon reduction potentials are beyond the control of 
individual consumers. For example the majority of urban residential GHG 
emissions in Xiamen City are mainly derived from urban (17%) and regional 
and national (70%) economic activity. As a result, policy measures such as 
extending building lifespan and the recycling of building wastes could con-
tribute more significantly to GHG emissions reduction than simply targeting 
individual consumer choices alone. The percentage of clean primary energy 
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in the total energy use is only 3% in China [43]. Adjusting the composition 
of primary energy to produce electricity may have a greater potential for 
carbon reduction than simply reducing household electricity use.

Policymaking for a low-carbon city must therefore adopt a holistic ap-
proach in terms of policy scope, priority and timing of implementation. Tak-
ing Xiamen City for example, the policy scope should cover the entire path 
of primary energy or materials to end-users, including household behavior 
and urban, regional and national activity. Specifi c policies should include: 
promoting energy saving appliances and greater use of public transportation 
at the household scale, promoting low-carbon techniques of pollution con-
trol, such as clean coal technology, catalytic combustion technoloy, increas-
ing the proportion of food that is locally sourced at the city scale, adjust-
ing the primary energy mix for electricity production and developing green 
building materials and technologies at the regional or national scale.

FIGURE 2: Location of Xiamen City and survey site selection.
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FIGURE 4: GHG emissions from residential consumptions in different communities 
in Xiamen City. Note: a represents GHG emissions per household; b represents GHG 
emissions per capita. I1-I28 represents 28 communites from Xiamen Island and O1-O16 
represents 16 communities from Xiamen mainland.
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FIGURE 5: GHG emissions from residential consumptions in the high, medium and low 
carbon household (a) and community (b) of Xiamen City. Note: a represents households; 
b represents communities.



60 Urban Development for the Twenty-First Century

TABLE 7: K-Means cluster analysis of urban residential GHG emissions.

Analysis Variables Final Cluster Centers ANOVA

Household (n) Low (497) Medium (206) High (11) F* P

Household size 3.4 3.77 4 8.714 <0.001

Housing area 2.79 4.23 5.36 140.285 <0.001

Building age 2.72 3.24 3.45 32.565 <0.001

Household income 2.2 3.04 3.27 63.282 <0.001

Per household 770.60 1553.25 3750.46 1133.478 <0.001

Per capita 251.79 460.49 991.28 244.855 <0.001

Community (n) Low (10) Medium (24) High (10)

Building height 2.44 3.18 4.00 13.810 <0.001

Average housing area 1.00 1.33 1.90 12.340 <0.001

Per household 701.04 986.03 1466.79 99.600 <0.001

Per capita 223.27 302.78 454.69 59.370 <0.001
*F = variance of the group means/mean of the within group variances. The bigger the F 
value is, the more significantly different the sample groups are.

Policy priority should be given to residential consumption which re-
sults in the greatest GHG emissions, including housing, electricity use, 
food consumption and transportation. Further studies will be needed to 
quantify the carbon reduction potentials in each consumption category 
given current technology and to assess practical feasibility. Due to the 
large disparity in GHG emissions profi le between different households 
and communities, high-carbon households and communities should be the 
target of policies to promote lifestyle adjustments.

Timing of policy implementation should be based on predictable 
changes in urban lifestyle and focus on residential consumption which is 
expected to increase signifi cantly in the near future. Green building mate-
rials and technologies to reduce GHG emissions from housing construc-
tion are the most urgent, followed by promoting the proportion of clean 
energy in electricity production, increasing the effi ciency of household 
electricity use, and encouraging the use of public transportation.
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2.5 CONCLUSIONS

As cities become the primary habitat of human beings, GHG emissions 
from urban residential consumption and the role of urban lifestyle has 
become increasingly significant. We present a survey-based GHG emis-
sions accounting methodology for urban residential consumption and ap-
ply it in Xiamen City, China. According to our results, reducing the GHG 
emissions from urban residential consumption is often beyond the control 
of individual consumers. Housing, electricity use and food consumption 
whose GHG emissions are from regional and national economic activities 
(PR-sourced) and wastewater treatment and solid waste treatment whose 
GHG emissions are from urban economic activities (PU sourced) account-
ed for about 70% and 17% of total residential GHG emissions in Xiamen 
City respectively. The entire energy or materials pathway to the end-users 
should be included in the policymaking scope. A large disparity in car-
bon profile between different households, with the high carbon house-
holds emitting about five times as much GHG as low carbon households. 
High carbon communities emit about twice as much GHG as low carbon 
communities. Residential consumptions which resulted in the majority of 
GHG emissions and which would likely increase significantly in the near 
future including housing, electricity use, and transportation, should be the 
key points for policymaking of low-carbon urban residential consump-
tion in China. The survey-based GHG emissions accounting method of 
household consumption developed in this study can be readily applied to 
other cities. It provides a useful tool to understand and profile residential 
groups, and makes it possible to design tailored and targeted policies for 
GHG emissions reduction.
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CHAPTER 3

Exploring the Attitudes-Action Gap in 
Household Resource Consumption: 
Does “Environmental Lifestyle” 
Segmentation Align with Consumer 
Behavior?

PETER NEWTON AND DENNY MEYER

3.1 INTRODUCTION

Trajectories of consumption across a wide spectrum of urban services and 
resources in high income societies continue to trend upwards [1,2]. At the 
same time, attempts to create “wedges” linked to the introduction of social 
and economic policies, new processes and products, etc. [3,4], capable of 
underpinning a significant reduction in consumption, underpin much con-
temporary research. Many prospective sustainability “wedges” are found 
in the literature and include:
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• Dematerialisation: a reduction in the resource inputs required to produce 
consumer products, such as building materials, domestic appliances and 
automobiles via recycling, re-use and closed loop manufacturing;

• Substitution of renewable for non-renewable resources, e.g., use of solar 
energy rather than fossil fuels, of public transport or active transport rather 
than private car, of low energy lighting for higher energy products;

• Efficiency in use of materials, spaces, time, etc., capable of being achieved 
via the (re-)design of a product or system, so as to be reflected in its operat-
ing performance, e.g., energy-efficient housing design; and

• Conservation of resources capable of being seen simply as a lowered ab-
solute consumption of a resource (such as energy, water, petroleum, land, 
housing space and kilometres travelled) achieved by any of the pathways 
listed above, as well as by a change in habits and behaviours by those in-
volved as consumers.

They cover the spectrum of research from sustainable production to sus-
tainable consumption—from the supply side to the demand side. A concep-
tual framework capable of being used to “map” consumption research is 
presented in Figure 1. It suggests that demand-side studies—the focus of 
this paper—will centre on better understanding the role of social and de-
mographic, as well as behavioural attributes associated with individuals 
and households and the contextual settings related to their dwelling, urban 
location or social milieu. Demand-side research also needs to probe why 
studies of urban resource use [5,6,7,8] are fi nding a gap between attitudes 
and actions; individuals are not behaving in a manner that is congruent with 
their stated attitudes and intentions. Here, a major question mark continues 
to surround the issue of whether individuals or households in high income 
societies are prepared to make voluntary changes to their consumption prac-
tices in order that the 21st century has some prospect for a more sustainable 
and equitable world. This necessitates a drilling down into the structural and 
behavioural attributes of individuals to explore those factors, both intrinsic 
and extrinsic, linked to consumption [9]. It can be argued that behaviour 
change on the part of individuals and the households with which they are as-
sociated holds the prospect for a much faster rate of sustainability transfor-
mation than supply-side technological innovation of key infrastructures and 
services (e.g., energy, water, waste or in the redesign of built environments). 
Radical change is possible in both these arenas, but the timescale required is 
considerable, hence the increasing interest being shown by governments in 
behaviour change policies and programs [10,11].
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There is both an applied and a theoretical dimension to the study of 
household resource consumption and behaviour change. It has been ar-
gued that no voluntary changes in consumption practices can be achieved 
if policy makers, business and consumers alike lack an understanding of 
how and why individuals and households consume and what factors tend 
to be associated with behaviour change [12]. In recent years, a signifi -
cant number of behaviour change programs have begun to emerge, each 
with varying degrees of underpinning evidence base as support. What 
have been termed transmissive projects—for example, broadcast mes-
sages via television, newspapers and the like relating to some aspect of 
consumption reduction, such as energy or water conservation and healthy 
eating—are mostly premised on a linear model of behaviour change: info
rmation→awareness→concern→action [5,13,14]. Examples of transmis-
sive projects include Earth Hour [15] and Black Balloons [16]. There is no 
segmentation or targeting involved. The economic rationalist information-
based model of human behaviour has proven infl uential here in attract-
ing government investment The fi rst phase has been termed “cognitive” 
(awareness of information about a particular issue, e.g., climate change, 
drought); the second has been termed “affective” and is typically associ-
ated with some expression of concern about the issue; and the third is 
“action”, where individuals have been motivated to make some change 
in their behaviour that is tangible and measurable. The narrative of the 
behaviour change process in this conceptual context is therefore portrayed 
as follows: an environmental citizen is someone who has internalised in-
formation about environmental problems, creating a sense of concern, per-
sonal responsibility and duty that is then expressed through consumption 
and community actions [17]. Research suggests, however, that the three 
facets of behaviour change are not necessarily sequential [5]. Transforma-
tive initiatives focus on face-to-face engagement with specifi c communi-
ties in an attempt to achieve the necessary traction for behaviour change. 
Examples of transformative programs include: Sustainable Consumption 
Roundtable’s “triangle of change” (government, business and population) 
that involves engaging, exemplifying, enabling and encouraging [18]; the 
“kitchen table” processes [19]; the social marketing approach [20]; the 
“seven doors” model [21]; Green Street [22] and other socially (rather 
than cognitively)-based behaviour change programs [23,24].
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Lifestyle segmentation (LSS) has emerged from the marketing and 
communications fi elds of research as a means by which the behaviour 
change programs of governments might be better targeted, whether trans-
missive or transformative in nature. LSS represents a marriage of two con-
cepts into a single system [25]. Lifestyle refers to a distinctive pattern of 
a person’s social life that straddles notions of individual identity, on the 
one hand, and community/sociality, on the other, “embodying notions of 
choice and self-actualisation alongside opportunities for collectivity and 
attachment” [26]. It is a broad based concept that incorporates everyday 
facets of individual lives, including their attitudes, opinions, values, feel-
ings, intentions, habits and social contexts. Segmentation refers to a di-
vision of the population or market into relatively homogeneous clusters 
capable of being readily differentiated or labelled—via either quantitative 
or qualitative routes. The premise underpinning LSS is that it identifi es 
groups of people who might be more likely to behave in similar ways as 
consumers—of particular products, services, information and messages. 
The attractiveness of LSS and its link with sustainability is the contention 
that consumer behaviour is likely to vary across different lifestyle groups 
comprising individuals with specifi c combinations of environmental at-
titudes and practices [27]. The research tasks then become those of estab-
lishing a valid and differentiated set of lifestyle groups among a popula-
tion derived from either quantitative (lifestyle segmentation) or qualitative 
(e.g., consumer culture or social practice) research methods (or some hy-
brid) and then examining the extent to which lifestyle “type” can explain 
differences in some aspect of consumer behaviour. There is an extensive 
body of publication associated with the former, but there is a dearth of 
studies that proceed to examine the latter.

As intimated above, two contrasting approaches to LSS have emerged 
in research literature: the longer established and more widely implement-
ed “traditional” approach, which is characterized by quantitative analysis 
and data reduction (and which is adopted for this paper—see section on 
Methods); and the cultural theory or social practices approach, which is 
qualitative in nature, drawing on a different set of disciplines for its execu-
tion. Quantitative LSS obtains responses to self-rating questionnaire items 
encompassing attitudes to a wide spectrum of statements that are deemed 
to cover the breadth of domains of interest to contemporary living. They 
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are then subjected to some form of cluster analysis to identify groups that 
have similar response patterns, after which descriptive labels are assigned 
capable of evoking the distinctiveness of each group. The strength of this 
approach is its ability to synthesise a large volume of complex informa-
tion into meaningful insights that are valued by clients in both private 
and public sectors. LSS studies of this type have been part of market and 
consumer research since the 1960s and 1970s for products, such as cars, 
alcohol, tourism, clothing and furniture, and there are many proprietary 
lifestyle typologies that have been developed. These include GfK Roper’s 
broad, multi-product lifestyle segments that comprise: dreamers, home-
bodies, settled, adventurers, rational-realists, open-minded organics and 
demanding [28]. Other segmentations [27,29] have been developed for 
specifi c applications, such as:

• energy saving behaviour: economically modest, open-minded value plural-
ists, hedonists, conservative environment conscious, alternative environ-
ment-conscious, disinterested materialists and potentially sustainable;

• general household consumption: organised eco-families, childless career-
oriented, young disinterested, everyday creative, disinterested in consump-
tion, rural traditional, disadvantaged stressed, inconspicuous families, ac-
tive seniors and status-oriented privileged;

• leisure mobility: fun-oriented, modern exclusive, stressed family-oriented, 
disadvantaged and traditional domestic; for urban travel: malcontented mo-
torists, complacent car addicts, diehard drivers, aspiring environmentalists, 
car-less crusaders and reluctant riders.

The weaknesses of this class of LSS studies have generally been the 
lack of validation or replication and lack of proof as to their capacity to 
discriminate or predict actual behaviour.

The second, qualitative approach to LSS research to emerge more 
recently has been termed the social practice or cultural theory approach 
[30,31,32]. It focuses on the common contexts of everyday life, such as 
homes and workplaces, and the associated research seeks to understand 
how observed consumption behaviours refl ect daily routines and prac-
tices, i.e., habits. It views the traditional LSS as failing to understand the 
“complex socio-cultural processes and situations that underlie human be-
haviour” [33]. By undertaking in-depth interviews often combined with 
observational and participative (ethnographic) research, it provides the 
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basis for fl eshing out lifestyle segments as part of a process for better 
understanding and characterizing contemporary society and the value this 
holds for developing more successful strategies for behaviour change. Its 
prime weaknesses have been identifi ed as restriction to a small number of 
consumption settings and activities, such as water and energy use in the 
home [34], and a focus on overly complex, in-depth, but small-sample, 
qualitative studies, uncovering experiences that are often seen as unique 
to individuals and their spatial and temporal settings and are diffi cult to 
generalise or ascribe to a larger population [35].

More recently, LSS research has been directed towards the identifi -
cation of an evidence base for behaviour change policies and programs 
associated with the environment and climate change [36,37,38]. In a UK 
study [39], seven lifestyle clusters were identifi ed: positive greens, waste 
watchers, concerned consumers, sideline supporters, cautious participants, 
stalled starters and honestly disengaged. In a rare replication of such stud-
ies (albeit with less than half the indicator variables) in New Zealand [40], 
signifi cant variation was found in the proportions of the population aligned 
with each of the seven lifestyle segments. In a similar Australian study 
[41], three segments were derived from self-reported environmental be-
haviours: committeds, privates and reluctants, “naturally forming groups 
of people who exhibit similar behavioural patterns regarding the envi-
ronment”. A United States study [42], identifi es “six Americas”, where 
each population segment holds different attitudes to the issue of climate 
change: the alarmed (18%), the concerned (33%), the cautious (19%), the 
disengaged (12%), the doubtful (11%) and the dismissive (7%). In later 
surveys [43], the alarmed and concerned proportions had declined some-
what and shifted to “cautious”. What all studies reveal is the existence of 
common environmental lifestyle “types” ranging from the green/engaged 
to the sceptic/disengaged. None of these studies, however, assessed align-
ment of segments with target actions or behaviours.

Many lifestyle typologies, such as those listed above, are made up of 
objective, as well as subjective, attributes. This would appear to be val-
id for descriptive analyses of a population or sample. To the extent that 
socio-demographic factors have been found to be particularly signifi cant 
determinants in their own right of consumer behaviour [44], combining 
socio-demographic with attitude, opinion and intention attributes in a seg-
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mentation for use in explanatory or predictive modelling of consumption 
risks redundancy. As Gust [27] argues:

Socio-demographic variables, such as age, income, family size 
and lifecycle stage were found to limit any attitude or lifestyle 
variables. For example, although young mothers are quite envi-
ronmentally conscious consumers, this consciousness may not go 
as far as replacing their car with public transport, since the car 
might be very important in the daily family organisation. Here, the 
fact that there is a small child in the household will have a greater 
effect of the likeliness of sustainable consumer behaviour than the 
environmental orientations of the mother.

Other weaknesses of the lifestyle approach identifi ed by this author 
[27] are that most typologies are conceived for specifi c applications and, 
as such, lack the prospect for comparative assessment or replication and 
that attitudes and behaviours are highly dynamic and can change at any 
point in time, especially as needs and contexts change (e.g., environmental 
versus economic priorities, before compared to during the global fi nancial 
crisis of 2008 and 2009).

The consensus is, however, that lifestyle orientation and segmentation 
can provide additional insight into consumer behaviour that may not be at-
tributable to socio-demographic factors alone. The LSS approach has also 
been embraced as a tool with a capacity to tailor and better communicate 
sustainable behaviour diffusion strategies, as well as to market sustainable 
products and services to specifi c groups more likely to be receptive to the 
differentiated message [36].

Against this background, the aim of this paper is four-fold:

1. To establish an environmental lifestyle segmentation based on the 
cluster analysis of data from a representative sample of Melbourne 
household’s responses to a range of questions that probed environ-
mental attitudes, opinions and intentions;

2. To explore the extent to which this segmentation also reflects major 
socio-demographic and geographic differences among the popula-
tion (segmentations in their own right);
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3. To establish to what degree the different environmental lifestyle 
groups displayed contrasting patterns of actual (consumption) be-
haviour. The methodology has been designed explicitly to test the 
strength of this nexus, which tends to be absent in most segmenta-
tion studies;

4. Based on the level of congruence established between the environ-
mental lifestyles and actual behaviour, reflect on the relevance of 
segmentation approaches for behaviour change programs.

3.2 METHODOLOGY

Given that the research objective of this paper was to explore the na-
ture of any link between “environmental lifestyle” and consumption, 
it was deemed necessary to establish a lifestyle typology that derived 
from an interplay of the behavioural attitudes, opinions, concerns and 
intentions of a population—not their structural (socio-demographic) at-
tributes, nor their actual patterns of consumption (see Figure 1). In this, 
it aligns with the traditional LSS approach, sometimes characterized as 
AIO (activities, interests, opinions), since it was part of a much larger 
study of the determinants of urban consumption (see Acknowledge-
ments; [44]). The objective of the overarching study was to quantify the 
respective contributions of individual (behavioural, structural) versus 
contextual (dwelling, urban location) to an explanation of energy and 
water use, housing and domestic appliance consumption and carbon 
emitted on city travel. In this way, the survey provided data enabling 
an examination of the extent to which there is or is not a gap between 
the subjective indicators of sustainable living (the lifestyle groupings) 
and actual consumption behaviour (see Figure 2). This is a “model” for 
studies that seek to explore the disparity between awareness, concern 
and attitudes among the population for some significant issue, such as 
climate change and consumption and the level of action displayed by 
that population [45]. Literature suggests an explanation for the iden-
tified gap can be attributed to a set of barriers, constraints or situa-
tions that include the psychological, social and institutional, as well 
as the informational.
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FIGURE 2: The gap between subjective indicators of intent and actual consumption 
behaviours.

3.2.1 SURVEY

A postal survey undertaken in June 2009 in seven residential precincts 
across Melbourne, Australia, resulted in data for adult individuals represent-
ing 1,250 households at a response rate of 16%. The questionnaire was de-
signed to collect information on the structural and attitudinal attributes of 
individuals, their household, dwelling and location characteristics, as well as 
actual household consumption data for electricity, gas and water (based on 
the most recent utility bills), housing space, urban travel and domestic ap-
pliances. The full questionnaire is found in [46]. The level of representative-
ness of the sample to the metropolitan population was considered to be high 
and successful in avoiding non-response bias. The respective percentage of 
sample versus metropolitan area populations was as follows:

• Living in detached or medium density housing: 80.9; 83.3
• Living in high rise apartment: 19.1; 16.7
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• Gender (female/male): 60/40; 51/49
• Born in Australia: 65.6; 64.2
• Owner/purchaser of dwelling: 66.5; 67.7
• Family household: 68.8; 68.1
• Person living alone: 25.5; 22.6
• Aged less than 25: 4.2; 23.0
• Aged 25-64; 81.5; 64.2
• Aged 65 and over: 14.3; 12.8

The age of respondents refl ects the fact that an adult member of the 
household was required to complete the survey. Electricity and gas bills 
were combined in this analysis, because both these sources of energy are 
used for operating the spectrum of built-in and plug-in domestic appli-
ances in a dwelling. The seven precincts provide representatives of the 
new outer greenfi eld suburbs, long-established middle suburbs and rede-
veloped and gentrifi ed inner city neighbourhoods, with contrasting levels 
of residential density and public transport access.

3.2.2 STATISTICAL ANALYSIS

After providing a descriptive analysis for environmental attitudes and be-
haviours, a two-step clustering in SPSS was used to produce lifestyle clus-
ters based on all these measures. This approach [47,48] allows an automatic 
choice for the number of clusters based on changes in the Bayes Information 
Criterion. The resulting three clusters were then appropriately named and 
compared in terms of their demographics and per capita consumption.

3.3 SUBJECTIVE INDICATORS OF ENVIRONMENTAL 
CONCERN AND ENVIRONMENTAL INTENTIONS AND THE 
IDENTIFICATION OF ENVIRONMENTAL LIFESTYLE CLUSTERS

3.3.1 CONCERN FOR THE ENVIRONMENT

“Concern for the environment” has long been used as a leading indicator 
of the level of environmental engagement by an individual or community 
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[49]. Questions that have examined and reported on levels of environmen-
tal concern by households have been used in Australian Bureau of Statis-
tics (ABS) surveys since 1992. As reported by Newton [50], the level of 
environmental concern at a national level (there has been little variability 
by state) declined from 75% in 1992 to a low of 57% in 2004. In the latest 
ABS survey [51], it had risen to 81.3%, a similar level to that of the Sus-
tainability Victoria survey (see Table 1). The Living in Melbourne survey 
was undertaken some 18 months after the ABS and Sustainability Victoria 
surveys (mid-2009), following the Black Saturday bushfires and during 
continuing issues of drought. The “concerned” percentage was according-
ly very high (92.3%), suggesting a significant level of environmental sen-
sitivity among the surveyed population. It should be noted that the exact 
wording of the “concern” question in the ABS surveys prior to 2007 was 
as follows: “Is … [respondent] concerned about any environmental prob-
lems?” [52]. For the 2007 survey, the question was modified as follows: 
“Are you concerned about any environmental problems in Australia?” The 
Living in Melbourne survey adopted the original framing of the question, 
“Is [respondent] concerned about any environmental problems?”.

TABLE 1: Levels of environmental concern. Question: are you concerned about any 
environmental problem?

Living in Mel-
bourne survey 
(2009) (%)

Sustainabil-
ity Victoria 
(2008) (%)

Sustainabil-
ity Victoria 
(2009) (%)

ABS (2008) 
Victoria (%)

ABS (2008) 
Australia

No 7.7 16 14 15.8 18.3

Yes 92.3 84 86 84.2 81.7

A great deal 30.7 38 42 

A fair amount 48.3 31 30 

A little 13.3 15 14 

Sources: [46,51,54,55]

While some authors [53] have indicated that variants of “environmental 
concern” measures (questions) will evoke different patterns of response, 
it is unlikely that the sudden surge in concern picked up in the most re-
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cent set of surveys is an artefact of the wording of the survey question. At 
the time of these surveys, the nation’s drought of some 15 years had not 
yet broken and there was a raft of issues surrounding the vulnerability of 
settlements to bushfi res and water restrictions. Even the global fi nancial 
crisis did not seem to alter attitudes of environmental concern [54,55], 
although that may have been due to the fact that Australia was one of only 
a handful of advanced Western economies to avoid slipping into recession. 
Or it may be refl ecting the fact that there is increasing recognition among 
the population that we are living in a fi nite world with resource constraints 
and climate constraints that are becoming increasingly binding [56].

TABLE 2: How important is each of the following to you and your family?

Not impor-
tant at all

Neutral Very 
important

Recycling household waste 2.4% 1.2% 10.9% 28.1% 57.4%

Saving water 0.6% 0.6% 5.6% 28.0% 65.2%

Saving energy 0.5% 0.6% 8.8% 32.1% 58.1%

Driving more slowly than the speed 
limit

12.7% 9.3% 35.6% 20.3% 22.1%

Using public transport 12.0% 5.9% 29.9% 25.1% 27.0%

Walking or cycling 3.2% 4.7% 21.4% 28.9% 41.8%

Having a large home with space 23.0% 11.5% 26.9% 21.5% 17.1%

Note: n ranged from 1,231 to 1,249

3.3.2 INTENTIONS AND PREDISPOSITIONS

The proposition from some behaviour change theorists is that high levels 
of “concern for environment”—as we have identified here—will be trans-
lated into a predisposition towards more sustainable forms of consump-
tion. Evidence from Table 2 suggests that representatives of households 
are strongly disposed towards saving water and energy (both rated “impor-
tant” or “very important” by more than 90%). And even here, a significant 
proportion (74.5%; see Table 3) say they can envisage ways to further re-
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duce their energy and water consumption. However, making adjustments 
to urban travel behaviour is projected to be more challenging.

TABLE 3: Could you please indicate your level of agreement with the following statements?

Strongly agree/ 
agree

Neither agree 
nor disagree

Strongly 
disagree/ disagree

I have done as much as I can to reduce 
my household’s energy and water 
consumption

57.4% 18.6% 24.1%

I know some specific things I could do 
to reduce my household’s energy and 
water consumption

74.5% 15.9% 9.6%

Reducing my household’s energy and 
water consumption would help protect 
the environment

84.4% 11.5% 4.2%

The main reason for reducing my 
household’s energy and water con-
sumption is to save money

34.7% 29.3% 35.9%

Reducing my household’s energy and 
water consumption is not worth the 
trouble

6.1% 9.0% 84.9%

Note: n ranged from 1,221 to 1,238

Probing the travel domain more deeply with the question: “Over the 
next 12 months, how likely are you to make the following changes in 
your personal travel to reduce your petrol consumption and carbon emis-
sions?”, the responses in Table 4 suggest that some transition has already 
begun in areas, such as switching to a smaller car and increased use of 
public transport, but there are still signifi cant proportions (49.7 and 46.0%, 
respectively) where there was no likelihood of change, nor was car pool-
ing seen as an option. Walking more was the most signifi cant “maybe/
likely” response (52.7%).

The areas most likely to be embraced by households as a basis for 
delivering a clean environment (see Table 5) are recycling more, using 
substitutes for plastic bags when shopping, buying more local products 
and buying “green”-labelled products—what could be classed as the “low-
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hanging fruit”, where there is little or no inconvenience or cost associated 
with any shift in practice. There is less traction associated with modifying 
car usage and least of all with changes linked to a hip pocket impact, such 
as paying more tax or paying higher charges for electricity and water (61% 
“no” to both).

TABLE 4: Over the next 12 months, how likely are you to make the following changes in 
your personal travel to reduce your petrol consumption and carbon emissions?

Not likely Maybe Likely Already have

Switch to a smaller (3 or 4 cylinder) vehicle 49.7% 9.5% 6.1% 34.7%

Use car less often 35.4% 22.9% 19.3% 22.3%

Begin to use public transport 42.0% 13.9% 8.5% 35.6%

Use public transport more often than at pres-
ent

46.0% 23.0% 17.7% 13.2%

Move house so I need to travel less 77.8% 5.6% 6.0% 10.6%

Car pool to work 86.8% 8.5% 2.1% 2.6%

Walk more 21.7% 25.7% 27.0% 25.6%

Drive more slowly than the speed limit 37.4% 25.3% 18.0% 19.3%

Use communication technology to avoid 
travel

27.8% 15.4% 14.1% 42.8%

Fly less often 49.3% 16.2% 13.0% 21.4%

Note: n ranged from 1,100 to 1,181.

I will if you will was the title of a widely referenced report by the Sus-
tainable Consumption Roundtable [11] in the UK. This revolved around 
responses to three key positions that people could hold as to their predis-
position to change:

• “I am making changes to my behaviour now, irrespective of what other 
people do”—could be classed as proactive leaders;

• “I will make changes when the community around me begins to change”—
could be classed as followers;

• “I will make changes when government introduces some regulation that re-
quires everyone to meet a particular target”—could be classed as laggards.
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Based on the profi les of response to these statements (see Table 6), 
83% of the population could be placed in the leader group, 5% followers 
and 12% laggards, which is likely to be overstating or misrepresenting the 
label of “leader” in this instance. Perhaps this group just represents the 
“independently minded”.

TABLE 5: What would you be prepared to change in order for there to be a clean 
environment?

Yes No Maybe

Pay more tax 19.7% 61.0% 19.4%

Travel less by motor vehicle 48.9% 24.4% 26.7%

Choose to buy “green” labelled products 70.0% 8.1% 21.8%

Donate an hour or two each month to do voluntary work for 
the environment

36.8% 29.8% 33.4%

Choose to buy products produced locally 82.9% 4.0% 13.1%

Recycle more 90.9% 2.8% 6.2%

Pay higher charges for electricity and water 22.4% 60.8% 16.8%

Give up using plastic bags 72.2% 10.7% 17.1%

Note: n ranged from 1,219 to 1,237

TABLE 6: I will if you will. “Question: which of the following positions best reflects your 
view about changing behaviour?”

Option N %

I am making changes to my behaviour now, irrespective of what other people do 999 82.6

I will make changes when the community around me begins to change 67 5.5

I will make changes when government introduces some regulation that requires 
everyone to meet a particular target

144 11.9

In response to statements, such as “I have done as much as I can to re-
duce my household’s energy and water consumption”, 57% of the sample 
believe that they have “maxed out” (see Table 3)—evidence, perhaps, of 
some “demand hardening” beginning to emerge among the population 
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(see [57] for further discussion of this concept). This was contradicted to 
a degree in responses by three-quarters acknowledging that they “know 
some specifi c things I could do”.

A self-assessment of the degree to which the respondent had been ac-
tive over the past 12 months in responding to environmental issues indi-
cated that 90% saw their behaviour as “very active” or “reasonably active” 
(see Table 7). A cross-tabulation of “concern for environment” with a self-
assessment of the level of activity in responding to environmental issues 
revealed clear evidence of some link (see Table 8).

TABLE 7: Over the past 12 months, would you say you have been…?

Very active in responding to 
environmental issues

Reasonably active in respond-
ing to environmental issues

Not at all active in responding to 
environmental issues

13.1% 76.3% 10.6%

Note: n = 1232

TABLE 8: Expressions of concern versus indications of action.

Over the past 12 months, would you say you have been…?

Very/reasonably ac-
tive in responding to 
environmental issues

Not at all active in 
responding to envi-
ronmental issues

Total

Are you concerned 
about any environ-
mental problems?

Yes 1047 92.4% 86 7.6% 1133 100.0%

No 46 50.5% 45 49.5% 91 100.0%

Total 1093 89.3% 131 10.7% 1224 100.0%

3.3.3 BARRIERS TO ACTION

Across the battery of potential barriers that have emerged from previous 
studies, 14 were collectively put to the test in the Living in Melbourne 
survey. Five clusters of barriers were evident (see Table 9) in explaining 
the gap between intentions and actions. For approximately one-quarter of 
households, there was no sense of ownership of the problem, driven either 
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by their tenure status (and the issue of split incentives; that is, the landlord 
could benefit from any investment by the tenant) or by feeling that it is not 
their responsibility, that any initiative on their part would not make a dif-
ference to the wider environment and that there is no regulation requiring 
action on their part.

TABLE 9: Barriers to actions: reasons advanced for not undertaking domestic energy and 
water conservation measures.

Barrier Percentage indicating that the 
reason either applied strong-
ly or applied somewhat

Ownership of problem

Not my responsibility 22.5

I rent—it’s up to my landlord 28.5

It won’t help Melbourne’s environment1 9.7

No regulation requiring me 27.9

Information shortage/access

Lack of information 55.4

Can’t work out what’s best 47.9

Organisational challenges

Too difficult to organise 54.6

Can’t work out what’s best 47.9

Difficult to get right tradespeople 39.3

Time constraints (level of priority)

Planning to, but haven’t got to it yet 54.4

Lack of time 51.1

Financial

Lack of money 68.2

Expense not worth benefits 52.3

I rent—it’s up to my landlord 28.5

For those motivated to change, four barriers crop up that tend to be 
endorsed by at least half of the surveyed population as being signifi cant: 
problems of lack of relevant information or how/where to fi nd it; organ-
isational challenges (i.e., how to get it done: identifying best option from 
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alternatives and successfully contracting to get the work done); time con-
straints, refl ecting perhaps that environmental issues are not priority #1 
in Australian households; and fi nancial constraints—determining whether 
the benefi ts reward the fi nancial outlay and, if so, whether funds are avail-
able at the time.

3.3.4 LIFESTYLE TYPOLOGIES

A cluster analysis was performed using responses to five attitudinal and 
behavioural questions and 39 individual variables emanating from those 
questions. In particular, the following questions were asked:

• Perceived barriers to undertaking energy- and water-saving measures—re-
spondents were asked how strongly each of the barriers applied to them, 
with responses obtained on a scale, with 1 = strongly applies, 2 = applies a 
little and 3 = does not apply (see Table 9 for the list of barriers);

• Attitudes regarding the environment—respondents were asked to rate their 
agreement with each of 10 attitudes, with 1 = strongly agree and 5 = strong-
ly disagree (see Table 10 for list of attitudes).

• Attitudes to consumption reduction—respondents were asked to rate their 
agreement with each of five statements, with 1 = strongly agree and 5 = 
strongly disagree (See Table 3);

• Changes that people are prepared to make in order for there to be a clean 
environment—respondents were asked to rate their preparedness in eight 
respects, with 1 = yes, 2 = no and 3 = maybe (see Table 5);

• Positions that best reflect views about changing behaviour—(See Table 6)

1 = “I will make changes when the community around me begins to 
change”,
2 = “I will make changes when government introduces some regulation 
that requires everyone to meet a particular target”, and
3 = “I am making changes to my behaviour now, irrespective of what 
other people do”.

Only 441 observations were considered in the two-step cluster analysis 
of environmental attitudes and behaviours, because of the large number of 
missing values. Three clusters emerged, with the 13 most important clus-
tering variables identifi ed using the SPSS Variable Importance Criterion, 
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based on p-values (see Table 11). Only these 13 weakly correlated vari-
ables were used to classify all respondents on the basis of their responses. 
Fewer classifi ers resulted in unacceptably high misclassifi cation rates, and 
more classifi ers resulted in an increased number of missing values without 
a worthwhile reduction in the misclassifi cation rate. A multinomial logistic 
regression was used to obtain the cluster classifi cation, and the clusters 
were named in accordance with the response frequencies for the 13 most 
important classifi ers (see Table 12). This model correctly classifi ed 92.3% 
of the 441 complete observations, while failing to classify only 10% of 
the data for the original 1,250 observations as the result of missing values.

TABLE 10: Attitudes regarding the environment.

Attitudes Percentage Agree

We are approaching the limit of the number of people the earth can support 53.7

The earth has plenty of natural resources, if we just earn how to develop them 54.7

When humans interfere with nature, it often produces disastrous conse-
quences

74.9

The balance of nature is very delicate and easily upset 77.7

The “environmental crisis” is greatly exaggerated 21.5

If things continue on their present course, we will soon experience a major 
environmental catastrophe

58.8

Change is rarely for the good, and I prefer things as they are 10.2

The highest priority should be given to protecting the environment, even if it 
hurts the economy

52.3

There is nothing we can do about climate change—it is already too late 8.3

When shopping, I rarely think about how much use I’m going to get out of 
the things I buy

15.8

Source: The first six statements were drawn from the NEP (New Ecological Paradigm) 
scale [58].

Table 12 shows that the majority (40.3%) of people who responded to 
this survey were assigned to a “material” greens cluster, with 33.5% as-
signed to a “committed” greens cluster and 26.3% assigned to an “enviro-
sceptics” cluster.
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TABLE 11: Analysis for top 13 discriminators based on 1,122 cluster predictions.

Percentages agree Percentages dis-
agree

Lifestyle cluster 1 2 3 All 1 2 3 All

Prepared to pay more tax? 50 1 13 20 13 96 66 60

Prepared to pay higher charges for utilities? 56 4 11 23 18 90 70 60

The environmental crisis is exaggerated 2 20 44 20 89 51 29 58

Choose to buy green-labelled products 86 84 32 71 0 2 25 8

Environment has highest priority even, if it hurts 
the economy

80 43 32 52 6 20 35 19

The expense is not worth the benefits 24 56 80 52 76 45 20 49

Give up using plastic bags 89 83 35 73 3 6 26 10

I have more important things to do 14 22 55 28 86 78 45 72

Donate an hour or two each month to do voluntary 
work for the environment

61 30 16 37 10 27 57 29

There is no regulation requiring me to 15 20 54 27 85 80 46 73

The balance of nature is very delicate and easily 
upset

86 80 61 77 4 4 19 8

Reducing my household’s energy and water con-
sumption is not worth the trouble

2 4 13 6 97 90 66 86

It’s not my responsibility 8 18 45 22 92 82 55 78

TABLE 12: Cluster descriptions.

Lifestyle cluster 1 2 3 All

Number of complete 
observations

149 177 115 441

Percentage correct 
classifications with 13 
classifiers

93.3% 92.7% 90.4% 92.3%

Number of original 
observations classified

376 452 294 1122

Percentage of original 
classified observations

33.5% 40.3% 26.3% 100%

Cluster name “Committed” greens “Material” greens “Enviro-sceptics”
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3.3.4.1 CLUSTER 1: “COMMITTED” GREENS

This is the only group prepared to pay more tax if it would benefit the envi-
ronment (50%), as well as higher utility charges (56%), that is, indicating 
a willingness to personally outlay hard cash if environmental benefits will 
accrue. There is a high percentage agreeing that the environment should 
be the highest priority, even if it hurts the economy (80%). This group also 
strongly disagrees (76%) that the expense is not worth the benefits, affirm-
ing the need for the environment to take higher priority over the economy.

This group is highly consistent with its “green choice” stated behav-
iours related to the purchase of green-labelled products, declining use 
of plastic bags and volunteering time for green projects. In terms of en-
vironmental beliefs, it strongly disagrees with statements such as “The 
environmental crisis is exaggerated”, “I have more important things to 
do”, “There is no regulation requiring me to”, “Reducing my household’s 
energy and water consumption is not worth the trouble” and “It’s not my 
responsibility”.

On the basis of the response profi le of this group of respondents, the 
cluster is labelled as “committed” green: strongly pro-environment in be-
liefs, in behavioural preferences and indicating a preparedness to sacrifi ce 
economically for an environmental benefi t.

3.3.4.2 CLUSTER 2: “MATERIAL” GREENS

Among this group, there is a moderate level of support for the view that 
the environment should have a high priority vis-à-vis the economy and a 
sense that the balance of nature is delicate and easily upset, but 56% agree 
that the expense is probably not worth the benefits and—as a bottom line 
position—they are not willing to pay! This group is vehemently opposed 
to paying more taxes or higher utility charges (96% and 90%, respective-
ly) from their household budget.

The group will be pro-purchase of green-labelled products and will 
avoid use of plastic bags, but is unlikely to donate the hours to voluntary 
environmental work that characterises the “committed” green cluster of 
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households—although more generous than the “enviro-sceptics”. In terms 
of environmental beliefs, it tends to fall between the two. The group tends 
to be one that views the environment as important, but not worth paying 
for, especially by themselves as individuals, either in terms of dollars or 
time—basically, only when it does not “cost” them. This cluster has been 
termed the “material” greens.

3.3.4.3 CLUSTER 3: “ENVIRO-SCEPTICS”

This group indicates a low level of preparedness to make higher personal 
payments for the environment, and there is a high level of agreement that 
the expense would not be worth the benefits. It also has the lowest level 
of agreement with propositions that the environment should be the highest 
priority. This translates into attitudes and practices against what could be 
termed “green choices”, having the lowest proportions choosing to buy 
green-labelled products, giving up plastic bags and donating time for vol-
untary environmental projects.

In terms of environmental beliefs, a relatively high percentage believe 
(agree) that the environmental crisis is exaggerated (44%), that they have 
more important things to focus on (55%), that there is no regulation requir-
ing them to (54%) and that it’s not their responsibility (45%). This cluster 
has been labelled “enviro-sceptics”.

3.4 LIFESTYLE AND CONSUMPTION

How does actual consumption vary for these three clusters? A multivariate 
general linear model analysis performed using the five per capita con-
sumption measures defined previously suggested some small significant 
differences between the clusters (F(10,1430) = 2.99, p = 0.001, partial eta-
squared = 0.021), but only in the case of the carbon intensity of travel and 
per capita appliance consumption (see Table 13). Appliance consumption 
was highest for the “enviro-sceptics” and lowest for the “material” greens, 
while carbon intensity of travel was highest for the “material” greens and 
lowest for the “committed” greens. However, a univariate general linear 
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model analysis for the total of these consumption measures (after stan-
dardisation) showed no significant difference between the clusters (see 
Table 13). Lifestyles characterised by pro-environmental values, attitudes 
and intentions did not reflect actual low consumption behaviour.

TABLE 13: Lifestyle cluster comparisons in regard to per capita consumption.

ANOVA test of significance Lifestyle cluster means

Per capita 
consumption 
measure

F-value p-value Effect 
size (eta-
squared)

“Com-
mitted” 
greens

“Material” 
greens

“Enviro-
sceptics”

Water ($) F(2,843) = 0.87 0.419 0.002 58.7 55.0 55.1

Energy ($) F(2,814) = 2.36 0.095 0.006 123.4 123.9 137.5

Appliances 
(number)

F(2,1119) = 13.60 <0.001 0.024 4.82 4.78 4.95

Carbon inten-
sity of travel 
score

F(2,1099) = 6.27 0.002 0.011 17.0 19.4 17.8

Housing 
space (m2)

F(2,1103) = 0.74 0.479 0.001 97.2 91.6 101.3

Total con-
sumption 
score

F(2,719) = 0.23 0.799 0.001 0.244 0.129 0.312

Next, the clusters were compared in terms of urban location. Table 
14 suggests that there is some geographical segregation (Chi-Sq = 35.7, 
df = 4, p < 0.001). Half of the “committed” greens live in the Inner City 
suburbs (where, in recent years, the Greens Party has become political-
ly dominant), while the “material” greens tend to live in greenfi elds and 
outer suburban areas—the group that political commentators have termed 
as “aspirational” in terms of their ambition to “get ahead” in life. The 
“enviro-sceptics” cluster is dispersed across the city.

Are there signifi cant socio-demographic differences for these three 
clusters of people? Indeed, there are. Table 14 suggests signifi cant differ-
ences for age, gender, level of education, household income, family struc-
ture and suburb location. However, there was no signifi cant difference for 
country of birth (Australia versus overseas).
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TABLE 14: Demographic profiles for each lifestyle cluster.

Lifestyle Cluster Percentage of cluster members Degrees 
Freedom

Chi-Square

Committed 
greens

Material 
greens

Enviro-
sceptics

All

University graduates 62 35 43 46 2 57.5***

Not university graduates 38 65 57 54

Females 64 66 44 60 2 39.3***

Males 36 34 56 40

Under 45 51 54 41 49 8 25.7**

45 and over 49 46 59 51

Live alone 27 22 24 24 18 35.1**

Couple with no children 36 29 38 34

Family with children 30 42 32 35

Household income under 
$60,000 p.a.

28 39 39 34 10 19.0*

Household income 
$60,000–$120,000 p.a

44 40 40 41

Household income over 
$120,000 p.a

29 22 22 25

Inner city suburbs 50 34 34 42 4 35.7***

Middle city suburbs 26 24 24 25

Outer city suburbs 23 42 42 33

The “committed” greens cluster contained more university graduates 
and households with higher incomes. They know what behaviours are 
likely to be required in a climate- and resource-constrained future and 
have a fi nancial capacity to embark on that transition. The “material” 
greens households, by comparison, had the lowest proportion of uni-
versity graduates, were the youngest category of households and also 
tended to be on lower household incomes. The “enviro-sceptics” cluster 
contained more men and those aged 45 and over than either of the other 
clusters. Although the “enviro-sceptics” and “material” greens clusters 
tend to have similar incomes, the latter cluster is more likely to consist of 
households with children, which could have had some infl uence on their 
pro-environment attitude.
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Overall, it seems that the “committed” greens cluster can afford to have 
“green” attitudes and “green” behaviours. Low consumption in the case of 
carbon intensity of personal travel suggests that this cluster is making an ef-
fort to reduce consumption in some areas—by virtue of where they live in 
the city—but in other areas appears to be doing no better than the other clus-
ters. The “material” greens cluster also has sympathy with the environment, 
but these households feel that their limited budget does not allow them to 
pay higher rates or taxes in order to help the environment. As indicated in 
Table 13, they have the lowest per capita consumption of appliances (refl ect-
ing the “averaging out” effect of families with children identifi ed earlier), 
but in other areas, their consumption is no lower than the other clusters; in 
fact, their carbon intensity of travel is particularly high—refl ecting the car 
dependency of households in the outer suburbs. Finally, the older, male-
dominated “enviro-sceptics” cluster tends not to care about the environment 
as much as the other clusters, but, surprisingly, the total consumption score 
does not appear to be signifi cantly higher for these households, although 
their mean total consumption score is highest overall.

3.5 CONCLUSIONS

Changing behaviour, which involves winding back currently unsustain-
able levels of resource consumption, has the prospect of making an impact 
much more rapidly than most, if not all, supply-side responses, although 
both clearly need to be operating in tandem if the 21st century is to deliver 
a sustainable platform of urban living. It is the relative speed with which 
individuals and households can potentially decide to stop or significantly 
alter a range of domestic practices—related to their choice of housing, 
mode and frequency of travel, energy and water use habits, appliance 
purchases (number and environmental performance)—that makes “social 
marketing” so attractive to governments. An ability to get households to 
change aspects of their behaviour voluntarily via engagement processes 
that seek to provide the social, environmental and economic narrative for 
change and the processes (“steps”) by which this can be achieved would 
obviate governments having to pursue less politically attractive and costly 
paths (such as taxation, regulation and incentives) to secure more sustain-
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able patterns of consumption. This paper has found that voluntary change 
will be no easy task. Actions speak louder than words.

The research has demonstrated that there is a gap between intentions 
and actions. Segmentation of the Living in Melbourne sample of house-
holds into lifestyle groups based on their responses to a battery of questions 
probing environmental sustainability-related values, attitudes and inten-
tions produced three archetypal clusters: “committed” greens, “material” 
greens and “enviro-sceptics”. Each cluster was also found to be distinctive 
on a range of socio-demographic variables that further validated the ty-
pology. Commonalities with similar typologies elicited for the UK, USA 
and NSW (Australia) are strong. On the basis of the Living in Melbourne 
survey, only one-third of households (the “committed” greens) would cur-
rently appear to be prepared to voluntarily change their consumption be-
haviour and bear the direct economic consequences. However, when it 
came to examining the extent to which actual consumption behaviour var-
ied across the three clusters, there was little or no differentiation evident.

The reasons why there is currently a gap between intentions, on the 
one hand, and action, on the other, are to be found in the range of cur-
rent barriers to sustainable consumption that need to be overcome. These 
include: problems of lack of relevant information or how/where to fi nd it; 
organisational challenges, i.e., how to get it done; time constraints; and fi -
nancial constraints—determining whether the benefi ts reward the fi nancial 
outlay. At a pragmatic level, there remains a lack of information on what 
can be done and how best to get it done. For individuals and households, 
comfort, convenience and cost factors seem to underpin many of the habits 
and practices that currently promote consumption of urban resources in 
Australia. The issue of sustainable consumption would appear to be more 
deeply rooted within 21st century society, however. High income societies 
are now over-reliant on consumption as an engine for growth—and devel-
oping economies are being encouraged to follow suit. Social norms relat-
ing to sustainable consumption are yet to materialise in high income soci-
eties, such as Australia, that would constitute an important infl uence on the 
voluntary behaviour of individuals and households. A culture of unsustain-
able consumption is refl ected in a dominant set of behaviours at present. 
And it appears to be embracing all segments of the population, including 
those who espouse green attitudes, opinions and intentions. It is here that 
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social practices research can add value to our understanding by probing 
more deeply into these lifestyle segments to explore whether consumption 
related habits and activities are also held in common. Whether imminent 
system failure will be required to trigger a “tipping point” in societal val-
ues associated with environment and consumption remains an open ques-
tion (witness the increasing number of well-credentialed reports emerging 
of a future “4° world”). This is a major reason why supply-side urban 
sustainability initiatives need to proceed apace, why governments need 
to remain actively involved in regulation, pricing and incentive programs 
and why research that spans the cognitive-social spectrum of consumption 
must continue to search for triggers for effective behaviour change. Un-
derstanding urban consumption is clearly a more complex challenge than 
a market segmentation approach alone can address.
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CHAPTER 4

4.1 BACKGROUND

“To waste, to destroy our natural resources, to skin and exhaust 
the land instead of using it so as to increase its usefulness, will 
result in undermining in the days of our children the very prosper-
ity which we ought by right to hand down to them amplified and 
developed.”
Theodore Roosevelt, Seventh Annual Message, December 3, 1907

The admonition from Roosevelt is an indication of society’s long cher-
ished dream of living in an environment of resourcefulness rather than 
wastefulness. Yet, as the world hurtles towards its urban future with the 
world’s urban population increasing by two new people every second, and 
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with 95 per cent of such increases taking place in cities of developing 
countries, nowhere is the impact more obvious than in society’s “detritus,” 
or solid waste (Hoorneweg and Bhada-Tata 2012). Studies show that cur-
rently, cities cover only 2% of the world’s surface but generate 70% of 
the world’s waste (Zaaman and Lehman 2011). In Ghana, Accra produces 
conservatively 2,200 tonnes of solid waste daily, and is expected to reach 
4,419 tonnes by 2030 (Oteng-Ababio 2010). The relationship between 
waste and cities is particularly threatening the future, in situation where 
practically everything is based on a throwaway mentality, which pays little 
regard to sustainability.

In countries where effi cient solid waste management (SWM) policies 
have been instituted, including effective waste collection, segregation, 
transportation, storing, treatment and disposal, ‘waste’ is economically 
re-circulated (Medina 2005; Sternberg 2013). In such situations, SWM 
is not only seen as a necessary process to promote health and environ-
mental safety, but also as presenting an opportunity to mine the largely 
untapped resources embedded in waste. The dilemma in Ghana is how to 
develop systems that can best utilize these inherent resources, even though 
the paper believes that the inability of city authorities to develop appropri-
ate SWM policies cannot be wholly attributed to technical or economic 
reasons (see Grant and Oteng-Ababio 2012). It also has much to do with 
how waste is conceptualized and operationalized in the fi rst place. Ojeda-
Benitez et al. (2000) re-emphasizes the point when she opines that to ap-
preciate the value of ‘waste’, it must be differentiated from refuse. To her, 
refuse refers to a situation where different kinds of waste are disposed of 
or mixed together in the same container, causing unpleasant odour and 
pollution, making it impossible for re-use. However, when kept separately 
with a minimum of order and care, such materials become waste to the 
original owner but may have some value for other persons.

In recent times, it appears that people’s socio-cultural practices or 
throwaway mentality, where activities are designed to take ‘resources,’ 
make products and turn them into waste (‘take-make-waste’ attitude) 
are impacting negatively on the ecosystems, particularly with increasing 
population, improved technology and increased consumption. At the same 
time, waste is also becoming so diverse in its origin and forms, and so 
pervasive in its impacts, through terrestrial, aquatic, and atmospheric eco-
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systems that it has the potential to adversely affect both the inhabited and 
uninhabited parts of the world. The penchant of state offi cials also to uni-
laterally accept foreign SWM prescriptions during their international con-
ferences, regardless of local technical or socio-economic circumstances 
and expecting overnight transformations, has worsened matters (see Ali 
2010). The inherent uncertainty about ‘local therapies’ is part of an age-
long debate but such tendency stifl es local innovative resourcefulness. It 
also brings UN Sustainability City Program into question as per the pres-
ent ‘take-make-waste’ attitude, neither industry nor the consumer has any 
incentive to use resources frugally. This creates chronic environmental 
concerns and pushes cities to grow in a disorderly manner, causing an ac-
cumulation of urban problems.

It is beyond the scope of this paper to venture into the debate on “the 
limits to growth” vis-à-vis resource consumption or the negative environ-
mental impacts that will occur from wastes generated by an increasingly 
consumerist urban population. That said, the fear about these effects is 
warranted, particularly since nearly 95% of environmental damage occurs 
before a product is discarded as solid waste (Hoorneweg and Bhada-Tata 
2012). This paper intends to shift the current emphasis from the “end-of-
the-pipe approach”, where waste is collected and disposed of (without any 
incentive to recycle), towards encouraging consumption within the waste 
stream. It is believed that most waste materials can cascade through a se-
ries of uses that can enhance job creation, decrease the need for ‘natural 
resources’ and eventually, the overall waste fl ows.

In what follows, the paper discusses the notion of waste and its value 
chain, highlighting on its implications for urban livelihoods and sus-
tainable environmental management. Particular reference is given to the 
activities of a local non-governmental organization (NGO), Great Think-
ers’ Club, which has pioneered a youth enterprise from recycling of solid 
waste generated in James Town, a low-income community in Accra. The 
paper draws on the value chain thinking, demonstrating how the project 
has been designed synergistically to produce employment for the youth, 
through a range of valuable by-products of waste while, at the same time 
ensuring effi cient SWM. Finally, the paper proposes a paradigm shift, 
which is intended to help all project stakeholders to appreciate waste as 
a resource.
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TABLE 1: List of definitions of waste

Organization Definition Source

Eionet Waste includes all items that people no longer 
have any use for, which they either intend to 
get rid of or have already discarded. Wastes 
are such items which people are required to 
discard, for example by lay because of their 
hazardous properties.

http://scp.eionet.europa.eu/
themes/waste 

Full cycle Waste, or rubbish, trash, junk, garbage, 
depending on the type of material is an un-
wanted or undesired material or substance. It 
consists of unwanted materials left over from 
a manufacturing process or from community 
and household activities.

http://www.fullcycle.co.za/in-
dex.php/what-is-waste-and-why-
is-it-a-problem.html 

Basel conven-
tion

Wastes are substances or objects which are 
disposed or are intended to be disposed or are 
required to be disposed of by the provisions 
of national laws.

http://www.basel.int/Portals/4/
Basel%20Convention/docs/text/
BaselConventionText-e.pdf 

UN Statistics 
Division

Wastes are materials that are not prime 
products (that is products produced for the 
market) for which the generator has no fur-
ther use in terms of his/her own purposes of 
production, transformation or consumption, 
and of which he/she wants to dispose

http://unstats.un.org/unsd/envi-
ronment/wastetreatment.htm 

EU Waste is any substance or object which the 
holder discards or is required to discard

http://ec.europa.eu/environment/
waste/pdf/WASTE%20BRO-
CHURE .

OECD Wastes are materials other than radioactive 
materials intended for disposal

http://www.oecd.org/env/waste/ 

UNEP Wastes are substances or objects, which are 
disposed of or are intended to be disposed of 
or are required to be disposed of by the provi-
sions of national law

http://www.unep.org/greenecon-
omy/Portals/88/documents/ger/
GER_8_Waste.pdf 

European EPA Waste is any substance, which constitutes 
scrap materials or any effluent or other 
unwanted surplus substance arising from the 
application of a process or any substance or 
article, which requires to be disposed of as 
being broken, worn-out, contaminated or 
otherwise spoiled.

http://www.nwcpo.ie/forms/
EWC_code_book.pdf 

Institute 
of safety 
Professionals 
(Nigeria)

Waste is when something is no longer useful 
to the owner or it is used of fails to fulfill its 
purpose.

http://www.eco-web.com/
edi/090901.html 
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4.2 THE NOTION OF WASTE AND THE VALUE CHAIN

4.2.1 WASTE IS WASTE?

Waste, otherwise termed rubbish, trash, junk or garbage depending on 
the type of material, or the region in question, is a complex, subjective 
and perhaps controversial issue. Though waste is generally seen as an un-
wanted or undesired material and a bothersome problem and sometimes, 
a health threat if improperly treated, it can in some cases, generate good 
business for some, when properly handled. The complexity of waste man-
ifests in the difficulty and multiplicity of its definition and description, 
which is also contingent on who is looking at the subject matter: ordinary 
citizens, technicians, businessmen, politicians, activists (Progracz 2002). 
Since different approaches have been used in defining waste, it is notably 
a challenge to gather comparable data for example, between waste in rich 
and poor countries. Table 1 presents some definitions of waste.

These defi nitions do not resolve the uncertainties surrounding what 
waste is. What runs through them, however, is the fact that waste is some-
thing that its holder has disposed of or discarded. This creates the prob-
lem of distinguishing between ‘dispose of’ and discard, as both principally 
mean getting rid of. Cheyne and Purdue (1995), however, suggest that 
disposal is a deliberate and thoughtful act to put something in a suitable 
place (either for sales, transfer of ownership, etc), while discard implies 
outright rejection, with or without interest in its fi nal destination, since that 
thing is seen as useless or undesirable.

Other studies (CEFIC 1995) also argue that it is not the nature of the 
material that determines whether it is a ‘waste’, but the actions or inten-
tions of the holder. Therefore, only those materials for which the holder 
has no further use and which he discards or intends to discard are waste. 
Lox (1994) also see waste as “either an output with (a negative market) 
no economic value from an industrial system or any substance or object 
that has been used for its intended purpose (or served its intended func-
tion) by the consumer and will not be reused”. This defi nition also appears 
defi cient, since the last part of it creates an impression that a product is 
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designed for a single purpose and therefore, as soon as the purpose is ful-
fi lled, it turns to waste.

Gourlay (1992) exemplifi es this defi ciency using a dollop of mustard 
left on a plate, which he argues is neither useless nor lost its properties 
and queries if such a material only became waste just because the owner 
failed to use it. In his contribution to unravel the puzzle, Gourlay pro-
poses a working defi nition for waste as “what we do not want or fail to 
use”. However, his defi nition also appears more human-related and fails 
to properly account for the concept of production wastes, especially the 
issue of by-products that are not necessarily created from carelessness but 
unavoidably emanating from the production process itself.

Contributing to the debate, Stanbury (2005) attribute the complexity of 
the term waste to its genesis, which they traced to the Latin word uastus 
and which evinces several meanings; to ravage, to leave desolate or cul-
tivate. To them, waste connotes ineffi ciency and mirrors situations where 
managers of entities fail to minimize cost or maximize output because 
they are not using the best technology available. Elwood and Patashik 
(1993) add another dimension when they blithely asserted that waste, like 
beauty, is in the eye of the beholder. It can thus be argued that since there 
is no such thing as waste in nature, then waste is a human concept. Within 
the ecosystem, recycling is rife, hence production and decomposition are 
well balanced and ensure stability and sustainability in natural systems.

Human engagement with the ecosystem, however, places much em-
phasis on its economic value, resulting in situations where production and 
consumption become the dominant activities. Such a system tends to be 
highly destructive, consuming massive natural capital and energy, which 
return into the environment as waste, requiring even more natural capital 
to be consumed in order to feed the system (Pongracz 2002). The presence 
of waste is therefore an indication of overconsumption and ineffi cient use 
of resources, since the capacity of the natural environment to absorb and 
process these materials is fi nite and the improper waste disposal results 
in the loss of valuable resources. From all indications, the main problem 
confronting most developing countries is the sheer volume of waste being 
produced and how ‘waste’ is conceptualized.
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4.2.2 RE-DEFINING SOLID WASTE MANAGEMENT

Significantly, the goal of any legislation on waste is to protect the envi-
ronment and public health. Consequently, the conventional SWM hierar-
chy adopted by most local authorities and their donor agencies includes a 
5-staged process, involving waste reduction, re-use, recycle, incinerate, 
and safe disposal of the residual at landfills (Forbes et al. 2001). From that 
perspective, this paper re-affirms that waste and its management involves 
multi-faceted activities and processes, yet opines that an efficient SWM 
should include the supervision of such operations and maintenance of dis-
posal sites, which the current hierarchy appears silent. The present models 
implicitly assume that waste already exists “in space” and needs to be 
managed and that, SWM is simply a reaction to the presence of something 
that needs to be eliminated.

Seeing waste with that lens may create a barrier to an effi cient and 
sustainable SWM system and may negatively affect the overall decision 
related to the transport, reuse, and sale of materials. Conversely, this paper 
believes that preventing the accumulation of waste from the beginning 
maximizes resource effi ciency and sustainable management. An optimal 
approach to SWM would be an integrative system-based approach that 
provides control over processes that generate waste, waste handling, and 
waste utilisation (IPCC 2007). Thus, the key to any effective SWM in-
volves waste minimization that helps the reduction of the amount of things 
to be disposed of, and this includes:

• Preventing and/or reducing the generation of waste at source;
• Improving the quality of waste generated, such as reducing the hazard, and,
• Encouraging re-use, recycling and recovery.

It is important to stress that minimizing the amount of things intended 
for disposal is only one of the options of waste minimization, which then 
reinforces the perception that ‘the wasted thing’ is already there to be dis-
posed of. This contravenes the principal meaning of waste minimization, 
which is to avoid waste generation in the fi rst place (Pongracz 2002). By 
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inference, waste can be seen as a value concept, culturally construed, very 
subjective and may implicitly have a remote economic value.

Most developed countries have adopted the philosophy of waste mini-
mization as the menu for their SWM systems, but scarcely has this in-
formed policies in developing countries, where pressures of urbanization, 
land space for waste disposal and wanton destruction of natural resources 
are creating a bigger challenge (Baud et al. 2001). In Ghana, the indi-
vidual local authorities (assemblies) are charged with the responsibility 
to manage waste in their respective jurisdiction and must do so in the 
most economically, socially and environmentally optimal manner possible 
(MLGRD 1999). Prior studies (Post and Obirih-Opareh 2002; Oteng-Aba-
bio et al. 2013) have shown that waste management remains the single 
largest item on the assemblies’ budget yet the most pernicious local pol-
lutant (uncollected waste remains the leading contributor to local fl ooding 
and pollution). Equally important challenge confronting most authorities 
relates to their inability to appreciate waste as a resource as to date, and, as 
a consequence, waste separation remains alien or not properly address due 
to lack of fi nances. Even the National Environment and Sanitation Policy 
of 1996, and revised in 2010, remains loudly silent on waste minimization, 
creating a waste industry that is vague, dysfunctional and disjointed.

Earlier studies (see Hetherington 2004; Gregson et al. 2007; Adama 
2012; Thieme 2013) highlight the fact that urban poverty and waste pick-
ing are inextricably linked with the urban poor engaging in scavenging as a 
survivalist strategy while at the same time, fi lling the vacuum created by the 
public sector-led SWM operations. There are also enough evidence showing 
that historically, communities have been resourceful to use waste as food for 
animals, fertilizer and as materials for second life products (Wilson et al. 
2006). These studies point to a vibrant waste enterprise, devoid of policy or 
legislative, often tedious, unhygienic, unrecognized and potentially hazard-
ous, whose contributions are rarely documented or quantifi ed. These activi-
ties rank lowest in the waste recycling rung and participants are mostly the 
urban poor, especially women and children (Ahmed and Ali 2006). This 
paper is hopeful that more lessons can be gleaned from such informal op-
erations in our quest for economically and environmentally cost effective 
SWM. Figure 1 establishes tractable pathways of making waste a resource 
through waste segregation at source, based on the value chain concept.
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On a broader scale, waste segregation reduces the burden of waste col-
lection and disposal, minimizing loads of waste that need to be transported 
to dump sites. At the household level, there is need for capacity building 
on ways to reduce the amount of generated waste and these include recy-
cling and re-using products. ‘Re-use’ involves using the product more than 
once for the same or a different purpose. Composting is also a good way of 
disposing of biodegradable waste materials, especially in residential areas 
and can provide compost for urban agriculture and create more local jobs. 
This paper believes that if municipal waste is to be harnessed to improve 
livelihoods, then government and its agencies must necessarily develop 
effi cient markets and build a knowledge base around “what works”.

4.3 RESEARCH LOCATION AND METHODOLOGY

4.3.1 THE STUDY AREA

To achieve the set goals, the study adopted multiple survey methods in-
cluding key informant’s interviews, participant observation and a com-
prehensive review of official and other documents to generate empirical 
data. The research was conducted in Accra, the political capital of Ghana, 
which also serves as its administrative, socio-economic and cultural hub, 
harbouring about 70% of all manufacturing activities (Grant 2009; Owusu 
et al. 2008). The research location is Ga Mashie (also called old Accra), 
the spiritual home of the Ga people, with a youthful population of about 
100,000, mainly engaged in fishing (CHF International 2010). Living off 
fishing and trading, Ga Mashie (see Figure 2) is sub-divided into James 
Town or British Accra and Ussher Town or Dutch Accra. The community 
is one of the poorest in Accra, with the highest education level of majority 
being senior high school or its equivalent (UN-Habitat 2010). This is re-
flected in the area’s poverty levels, recording an average monthly income 
of GH¢ 126.13 or USD 78.83a, against a regional (Greater Accra) average 
of GH¢ 544.00 or USD 340.00 (GSS Ghana Statistical Service 2008). The 
average number of people per house stands at 48, or 7 people per room, 
against 5.1 at the regional level (CHF International 2010).
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4.3.2 WASTE GENERATION IN ACCRA

Waste is the most visible by-product of a resource-intensive, consumer-
based economic lifestyle. Its generation rate is a function of population and 
affluence (Hoornweg and Bhoda-Tata 2012) with richer societies charac-
terized by higher rates of waste generation per capita, while less affluent 
societies generate less waste and tend to practice informal recycling and/or 
re-use initiatives that reduce the waste per capita to be collected at the mu-
nicipal level. In Sub-Saharan Africa, about 62 million tonnes of waste is 
generated annually with an average rate of 0.65 kg/capita/day (Hoornweg 
and Thomas 1999). In Accra, the correct waste generation rates and its 
characteristics are non-existent or questionable at best since there has not 
been any comprehensive waste audit since 1993. Consequently, various 
sources give conflicting figures: 0.51 kg/day, (MLGRD 1999), 0.41 kg/
day (WRI 2007) and 0.81 kg/day (CHF International 2010). Such discrep-
ancies in figures serve as potential impediment to proper planning and this 
must be taken into consideration in interpreting. Table 2 presents projected 
municipal waste scenario by 2030.

TABLE 2: Estimated waste generation of Accra (2000-2030)

Years Population Waste generation 
(Tons/Day)

Waste collection 
(Tons/Day)

Residual (Tons/Day)

2000 1,658,939 2,127 1,702 425

2005 1,960,797 3,369 2,695 674

2010 2,317,583 2,654 2,123 531

2020 3,237,730 3,390 2,712 678

2030 4,523,203 4,419 3,535 884

The data show increasing waste generation so is the backlog and by 
inference, unsightly environment. According to Post and Obirih-Opareh 
(2002), there is a direct relationship between the method of waste col-
lection and environmental sanitation, with residents using the container 
system clearly disadvantaged, dissatisfi ed and disappointed. Meanwhile 
studies have shown that for health reasons, the organic nature of waste in 
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tropical regions like Ghana makes it imperative that it is actually collected 
daily. This makes the challenges and costs of SWM even more daunt-
ing. In Accra, it is generally the city center and the wealthier neighbour-
hoods that receive service when it is available (see Oteng-Ababio 2010). 
In poorer areas, uncollected wastes accumulate at roadsides, are burned by 
residents, or are disposed of in illegal dumps, which blight neighborhoods 
and harm public health (Huober 2010).

In neighbourhood like James Town, roadside accumulation “has 
reached levels resembling those that spawned epidemics in European cit-
ies 500 years ago” (see EGSSAA 2009: 2; Melara, et al 2013), with its 
impacts not routinely monitored or virtually ignored. On few occasions 
where attempts have been made to improve dumpsites management, these 
often tend to be in reaction to threats of their imminent closure by nearby 
communities. Unless more effective urban SWM programs and public 
water supply systems are put in place, outbreaks of cholera, typhoid and 
plague may become increasingly common.

4.3.3 WASTE CHARACTERIZATION

Waste composition of any community is influenced by its geographic lo-
cation, level of economic development, cultural norms, energy sources, 
and climate, among others. As countries urbanize and population becomes 
wealthier, consumption of inorganic materials (plastics, paper, aluminum) 
increases, while the organic fraction decreases. The study examined a num-
ber of baseline surveys (see Table 3) to compute the waste composition, 
since no official data exists. In all instances, proper permission was sought, 
including appropriate ethical clearance (No ECH 061/13-14) approved by 
Institute for Statistical, Social and Economic Research (ISSER), Univer-
sity of Ghana, Legon. The findings yielded an average organic component 
of 67.68%, but the high rate of illegal disposal in drainages, river channels 
and open spaces raises lots of concern (Oteng-Ababio 2010).

Be that as it may, the fi ndings show that with effi cient institutional ar-
rangements, political will and appropriate infrastructure investment and 
human resource, most of the household waste can receive value addition. 
Unfortunately, until the advent of the project of the Great Thinkers’ Club 
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in James Town, separation and treatment of organic waste was very rare. 
While the recovery and reuse of materials was generally for personal use, 
there were many ‘professional’ waste pickers—popularly called ‘Kaya 
bola’ in the local parlance, whose activities were seriously threatened by 
disease organisms, sharp objects and other hazards in the waste. They gen-
erally lacked protective equipment—a situation that is a clear manifesta-
tion of the extent of poverty in the neighbourhood.

TABLE 3: Waste characteristics/ Waste stream analysis

Type of 
Waste

Zone A1 
(%)

Zone B1 
(%)

Zone C1 
(%)

Nima2 (%) James-
town2 (%)

Newtown3 
(%)

Organic 74 71 78 56 60 67

Plastic 10 8 6 17 16 20

Paper 5 5 4 2 1 4

Metal 4 4 4 5 5 2

Glass 2 1 0 2 2 2

Textiles 1 1 1 9 6 5

Inert 4 7 5

Others 3 2 3 1

Source: 1-Dagadu, (2007); 2-Kumashie I, (2011); and 3-Earth Institute, (2010). Zone A: 
High-income, low-density waste zone (Cantonments, Airport Residential Areas). Zone B: 
Middle-income, medium-density waste zone (Adabraka; Kaneshie). Zone C: Low-income, 
high-density waste zone (James Town, Nima).

4.4 CASE DESCRIPTION

4.4.1 OVERVIEW OF GREAT THINKERS’ CLUB ACTIVITIES

Studies (Medina 2005; Sternberg 2013) have noted that the adverse im-
pacts of SWM are best addressed by establishing integrated programs 
where all types of waste and all facets of the waste management process 
are considered together. Though desirable, limited resources normally 
prevent these programs from being implemented, and only a piecemeal 
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solution tend to be possible. The “Great Thinkers’ Club” changed this dy-
namics in the study area by initiating and developing an integrated SWM 
system and building of the technical, financial, and administrative capac-
ity of the community to manage and sustain it. Suffice to add that whether 
pursued holistically or in a piecemeal faction, waste managers must ensure 
that the program is appropriately tailored to local conditions and that the 
practical environmental, social, economic, and political needs and realities 
are balanced.

As the waste audit indicated, a large part of household waste in Accra 
is potentially recyclable as organic waste accounts for about 60%, while 
paper and other inorganic recyclables (glass, tin) are fairly represented. 
Yet, this opportunity remains poorly unexplored. Indeed, within the city, 
a compost plant built in 1976 at Teshie (another suburb of Accra), with a 
processing capacity of 200 tonnes a day was decommissioned in 2002 due 
to operational diffi culties (see Oteng-Ababio et al. 2013). In particular, 
lack of source separation of waste greatly affected its operations. Thus, the 
NGO’s activities demonstrate a bold attempt to both tap into the untapped 
potential embedded in waste and help advance that scholarship in the area 
of environmental sustainability.

Broadly, the NGO is a youth community-based organisation estab-
lished in 1999 in Ga Mashie, a suburb with poor sanitation and rising 
youth unemployment (UN-Habitat 2011). Its mission includes increasing 
opportunities to enrich and address youth community needs. With a mem-
bership of 100, the club’s activities span from maintaining effi cient envi-
ronmental sanitation to a recently instituted youth employment through 
SWM. The funds for the current project, dubbed Youth Engagement in 
Service delivery (YES) was secured through Co-operative Housing Foun-
dation (CHF) International under the Bill and Melinda Gates Foundation. 
The project involves a 4-value chain process of municipal waste (biode-
gradable organic fractions; metals; plastics; electronic waste or e-waste).

The project was initiated with a dual dividend strategy: to engage the 
beleaguered youth in gainful employment through the provision of envi-
ronmental services. As part of the project, a house-to-house waste collec-
tion, which hitherto was the preserve of only rich neighbourhoods in the 
city, was introduced at Ga-Mashie in place of the poorly managed contain-
er collection system (Kumashie 2011). Using local resources, teams from 
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the local NGO were selected, trained and equipped to provide house-to-
house waste collection services to households who willingly agreed to reg-
ister with the group. Each youth was equipped with a tricycle, nose masks, 
safety boots, safety overall, and hand gloves (see Figure 3) provided with 
sponsorship from CHF international (see CHF International 2010). With 
the exception of the tricycle, all other equipment and training were pro-
vided at no cost to participants. The tricycle however was given to partici-
pants on a hire-purchase scheme under which each waste collector was to 
pay cumulatively GH¢600, (US$310), which benefi ciaries unanimously 
agreed to pay in nine months (i.e. GH¢ 63 [US$ 32.57] a month).

The project, which also had a plastic recycling enterprise (Trashy 
Bags) and a community compost plant, incorporates two rational SWM 
principles: it encourages source separation of waste and embodies the 
polluter-pay-principles. At the time of the research, a total of 770 house-
holds or 33% of total households in the study area were covered under the 
project. Each registered household is given two waste bins with which to 
separate organic and inorganic waste. Each household is also encouraged 
to separate plastics, waste electrical and electronic equipment (WEEE) 
and metals. The bins are given for free as a way of motivating participants 
to undertake source separation of waste (minimise waste), which is seen 
as the bedrock of any sustainable SWM system. The waste collectors have 
the responsibility to collect the segregated organic waste daily for onward 
transfer to the community compost plant.

It is important to add that the quality of compost produced by the YES 
project was scientifi cally certifi ed by Ghana Standards Board and has been 
successfully piloted by some vegetable farmers in Accra (CHF Interna-
tional 2010). Accordingly, the waste behaviour (composition) and the sub-
sequent certifi cation of end-product give a glimmer of hope; the possibility 
of converting the huge organic waste into compost and thereby, ensuring 
safer, liveable environment. Its actualization however needs commitment 
and participation of all stakeholders—government, local authorities, ser-
vice providers and benefi ciaries. Currently, a private company, Zoomlion 
Ghana Limited, has initiated a waste recycling project; Accra Compost 
and Recycling Plant Limited. However, the lack of source separation has 
compelled the company to be very selective in where to pick waste for 
recycling, (i.e. only high-income areas), where there is little likelihood of 
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waste contamination with fecal matter, which could be as high as 10% (see 
Kumashie I 2011).

4.4.2 THE COLLECTION AND ANALYSIS

The fieldwork involves qualitative data collection that took place between 
August and November 2012. It consisted of personal observation, focus 
group discussions (FGDs), and semi-structured interviews with 25 key 
informants, including the executives of the local NGO, service beneficia-
ries and participants, 5 community opinion leaders including the assembly 
man and the leaders of 2 prominent women groups. Some public officials 
from the Municipal Assembly, Ministries of Local Government and Rural 
Development, and Gender, Children and Social Welfare as well as a repre-
sentative of project sponsors were also interviewed. Specifically, the key 
informants were interrogated on the structure, prospects and challenges 
of the project, how the transformation of perceived waste into some value 
and the marketability of the products occurs, and present a more nuanced 
account of the value chain than the over-simplified end-of-pipe approach. 
Answers were also sought for the role of the NGO as well as the relation-
ship among the local authorities, the NGO and the local community.

To assess the modus operandi of the NGO, participant observation was 
employed to learn at fi rst-hand, how the club engages with the community 
and how it strategizes to outwit the authority’s most “preferred” players—
formal waste collectors. Two separate FGDs were organized between the 
benefi ciaries and the NGO; and secondly, between the NGO and the rep-
resentatives of the local authority with the sole aim of gathering in-depth 
understanding of the structure, processes and human behaviour and the 
reason governing such behaviour. The FGDs were held in the community, 
had nine participants each and explored issues bothering on effi ciency, 
power relations and affordability of the services.

Participants discussed the project’s challenges, proffered solutions and 
the possibility of scaling up the project. All submissions were recorded, 
later transcribed and thematically analyzed. To ensure unrestricted access 
to the NGO’s project sites, their commitment was secured through the 
well-respected Assemblyman, re-enforced by the intervention of a local 
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sub-chief who happens to be an “environmentalist” and has great pas-
sion for a good environment. The study benefi tted immensely from earlier 
works, which engage with the challenges of managing waste in low-in-
come communities (Huober 2010; Matter et al. 2013).

4.5 DISCUSSION AND EVALUATION

4.5.1 TAPPING THE UNTAPPED POTENTIALS IN WASTE: 
REFLECTIONS FROM JAMES TOWN

The YES Project waste flow is depicted in Figure 4 and falls in tandem 
with the government’s ‘privatization’ agenda which, in principle, involves 
gradually disassociating state-owned enterprises or state-provided ser-
vices from government control and subsidies, and replacing them with 
market-driven entities (Grant 2009). In the context of municipal services, 
the process generally implies reducing local government activity within a 
given sector by: involving participation from the private sector including 
NGOS; or reducing government ownership, through divestiture of enter-
prises to unregulated private ownership, and commercialization of local 
government agencies.

In the case of the YES project, which is an example of community par-
ticipation in SWM, the study shows that each participating household is en-
couraged to separate both recyclables (either organic, plastics, metals) and 
non-recyclables. Generally, some of the recyclables (plastics, WEEE, and 
metals) are sold directly at the household level to prospective itinerant waste 
buyers who roam the community on daily basis, while the mixed waste and 
organic materials are collected by the trained community waste pickers for 
a fee. These service providers haul waste from registered household sources 
to the composting facility. This is effectively carried out by pre-collection 
services using the tricycles acquired through the YES project.

According to the system set up by the project and agreed upon by 
all stakeholders, a household pays between 10p (US$0.05) and GHC 1 
(US$0.50) upon a visit by a waste picker depending on the volume of 
waste available at the time. The waste collector collects (isolates) the or-
ganic materials for onward delivery to the compost plant. The waste picker 
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sends collected mixed waste to the transfer stations (mainly communal 
skips at sanitary sites), where a disposal fee of between GHC1 (US$ 0.50) 
– GHC2 (US$ 1.00) is paid. During the FGDs, benefi ciaries most of whom 
work in the informal economy, lauded the project’s affordability and fl ex-
ibility “pay-as-you-go” billing system against the formal system which 
operates a monthly billing option. The NGO has the responsibility of pro-
viding a training environment to participants (capacity building) and ex-
plain repeatedly the basic concepts and principles upon which the project 
is founded to the community at large.

FIGURE 3: Youth team with their tricycles on the house-to-house waste collection 
operation. Source: Field work, 2013.
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FIGURE 4: Schematic Overview of the YES Waste Management System. Source: Author’s 
construct.
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FIGURE 5: Recycling of thin plastics. Source: Field work, 2013.

4.5.2 THE WASTE VALUE CHAIN: PLASTICS RECYCLABLES 
AND COMPOST FACILITY

Results from the waste audit show that since 1993, there have been a grad-
ual reduction in the proportion of organic materials, but a corresponding 
increase in plastics, increasing from 1.3% in 1993 to 3.5% in 2010 (Oteng-
Ababio 2012). The increasing presence of plastics is attributed to the up-
surge in the use of polythene bags for take-away food orders and water 
sachet bags (see Fobil et al. 2005). It is in recognition of this increase 
that the NGO established a plastic recycling enterprise (Trashy Bags) and 
trained some of its members to use thin films collected from the commu-
nity as feedstock to produce handbags, traveling bags, raincoats, jackets, 
etc (see Figure 5). The study reveals that ‘waste’ plastics are bought from 
members at GH¢ 0. 05 for 500 pieces of clean ice cream sachets (250 ml) 
and GH¢ 0.30p per kilo for empty water sachets (500 ml).
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FIGURE 6: A compost facility showing the processing of waste into manure. Source: Field 
work, 2013.

Personal observations during the fi eldwork confi rmed increased pres-
ence of plastic waste and how it has been indiscriminately disposed in the 
drains and other open places. Thus, the move by the project presents positive 
indicators or economic incentives inherent in thin plastic recycling that the 
city authority can capitalize on to encourage source separation and minimize 
the current waste menace. This position was reinforced when it was revealed 
during the study that 7 new plastic waste purchasing outlets have emerged 
within the community since the commencement of the project. Indeed, Post 
and Obirih-Opareh (2002) intimate that most plastic industries operating in 
the city struggle to get feedstock to meet their installed capacity.

Similarly, the NGO has constructed a community compost plant in the 
community at the cost of US$22,000 (CHF International 2010). The plant 
feeds into the employment motivation agenda of the project and creates a 
synergy between waste collection and disposal. The compost plant opera-
tors have also been trained on compost method and facility management 
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as well as occupational safety and health procedures. The facility uses or-
ganic waste from the community and the processing of compost normally 
takes four (4) months (Figure 6).

In terms of profi tability analysis, waste picking is an informal activ-
ity organized on an individual basis and therefore quantifying the actual 
labour costs incurred to enable one perform proper cost-benefi t analysis is 
quite daunting, if not impossible. However, during the FGDs, participants 
in the plastic waste chain claim they earn between GH¢ 0.20 and GH¢ 
0.35 per kilo or between GH¢ 8.20 and GH¢ 10.20 daily depending on the 
level of foreign materials (contaminants), which at the upper end, is 95% 
higher than the national minimum daily wage of GH¢ 5.24. By inference, 
each participant collects on average in excess of 20 kilos of plastic waste 
daily, emphasizing the project’s potential not only to generate income but 
more importantly, contributing to a cleaner and healthier environment.

Concerning the compost facility, the challenge participants identifi ed 
during the study relates to lack of sustained market for the end product. 
Prior scholarship had identifi ed potential market to include i) real estate de-
velopers—using compost as soil conditioner in landscaping; ii) vegetable 
farmers—for nursing vegetables, and iii) Waste Management Department 
(WMD) for disposal operations—as capping material to reduce malodors. 
Meanwhile, at the time the Teshie plant was decommissioned in 2002, the 
price of a tonne of compost was just GH¢2 (US$1.43)b. After almost a 
decade, the market price at a private facility (Zoomlion, Ghana Limited) is 
GH¢30 (US$ 15.5), indicating an increasing opportunity should the ques-
tion of marketability be resolved (Matter et al. 2013).

On the part of the local government authorities, all respondents from 
the public service alluded to the fact that the project is a microcosm of 
what government stands to gain by encouraging community participa-
tion in service delivery. They opine that such a process leaves municipal 
resources available for other equally important urban infrastructure and 
equipment. The Head of WMD of the assembly asserted, “privatization 
of such urban services reduces the cost of public services to consumers; 
relieves the fi nancial and administrative burden on the assembly; increas-
es productivity and effi ciency by promoting competition; stimulates the 
adoption of innovation and new technology; improves the maintenance of 
equipment; and creates greater responsiveness to cost control measures”.
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A representative of the local government ministry reveals that com-
munity management of service provision as demonstrated by the YES 
project, is the highest level of community participation, and gives the 
community authority and control over operation, management and/or 
maintenance services benefi ting its members. He however maintains 
that such partnership requires institutional support and recognition in 
order to be successful, which in this case both the Accra Metropolitan 
Assembly (AMA) and the local government ministry have shown and 
demonstrated enough commitment.

At the community level, a participant alluded to how the project has 
ensured a clean environment, as according to him, they could easily iden-
tify those who clandestinely litter the environment by the type of waste. 
An opinion leader also described the project as “important and innova-
tive” emphasizing, “the use of community members to execute commu-
nity service provides jobs, minimizes crime, poverty, rowdyism and also 
improves community communication and fosters social acceptability and 
participation”. He called on the local authorities to ‘dream’ of scaling-up 
the project into a citywide system than creating new, parallel structures.

4.5.3 SUSTAINABILITY OF YES PROJECT: IS THE YOUTH IN 
AGRICULTURE PROJECT THE ANSWER?

The Youth in Agriculture Programme (YIAP), which is a public sector 
commercial entity, initiated by Ghana government in 2006, seeks to mo-
tivate the youth into farming. As part of the incentives, the government 
provides certain services—land preparation, provision of seedlings, fertil-
izers, market opportunities, etc. In the 2010 national budget statement, the 
government declared financial commitment of GH¢2 million (US$1.034 
m) mainly for procuring seedlings and fertilizers (MOFA 2012). Given 
the huge debt the assembly incurs (accumulates) in disposing waste and 
equally huge funds government commits into procuring organic fertilizers, 
strategically scaling-up the YES project perhaps, provides an opportunity 
to address the marketability problem facing the YES compost industry. 
This is imperative not only because of the paucity of locations for dump-
sites, but the possibility of building an engineered landfill anytime soon 
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appears economically a remote possibility. Even in cases where donor 
support has been secured for such construction, poor planning results in 
community protestations and resistances (Oteng-Ababio 2010; Owusu et 
al. 2011).

Meanwhile, critical spatial analysis of the YES chain of activities 
shows that the city can take advantage of its physical and economic syner-
gies and scale it up, particularly in low-income communities within the 
metropolis where majority remains severely underserved when it comes to 
waste management services. Currently, the assembly remains heavily in-
debted to private service providers, standing at GH¢100 million (US$ 51.7 
m) by the end of 2011. Additionally, the disposal chargec of GH¢12 (US$ 
6.2) per tonne is an indication of potential cost savings that can accrue to 
the city if alternative options for value-addition are identifi ed. The YES 
project has demonstrated that a sizable portion of what is thrown away as 
“waste” contains valuable resources such as metals, glass, paper and plas-
tics which can be reprocessed as raw materials. Constrained by mounting 
national debts in the face of many competing needs and tepid economic 
growth rates, the assembly will continue to bear more responsibility in 
managing its public affairs with limited resources. Thus, building greater 
cooperation will not only help manage the ‘waste’ sustainability but also 
provide an avenue for job creation and by extension, poverty reduction.

Assuming that the national economic realities are not going to change 
in the short-term, then it becomes necessary to adopt consumption and 
waste management practices that reduce the amount of waste destined for 
disposal or to be discarded. In other words, envisioning waste as a resource 
will extend the current dump’s life, reduce the pressure on areas needed 
for new dumpsites while at the same time, creates employment. The role 
of local authorities in this direction is critical and indeed indispensable. 
Even interventions at household levels also benefi t from involving the lo-
cal authorities, who are the overall entity that have the responsibility for 
municipal SWM and represent public interest, to enhance legitimacy, sup-
port and acceptance or for up-scaling the initiative.

In summation, the study has demonstrated that establishing an integrat-
ed SWM system including waste separation at source, resource recovery 
and composting of organic waste, at least at the local level such as the YES 
project, requires representation of waste pickers (Kaya bola) and integra-
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tion of the community to work with all stakeholders, including representa-
tives of waste pickers. It also shows that in such community-led service 
delivery, local leaders are often active in management or maintain close 
contact with the municipality or community management body. Addition-
ally, women and teens can play crucial roles, such as initiators, managers, 
operators, educators, and watchdogs for the community. In other words, 
encouraging community-based management of service delivery may help 
address certain social and management problems in SWM—low participa-
tion of household, management and operational problems, fi nancial diffi -
culties, and lack of municipal cooperation and capacity building.

4.6 CONCLUSIONS

The study re-affirms the position that a global depletion of natural re-
sources leads to a global competition for resources and therefore the future 
competitiveness and vulnerability of cities are dictated by cities’ ability 
to shift to a less resource-intensive production and way of life, with less 
waste generation and increased recycling (EU 2011). Clearly, there is a 
compelling need to reduce the volume of waste destined for dumpsites in 
Accra. The city authorities’ apparent addiction to ‘landfilling’ is damaging 
for the environment and a manifestation of our failure to see waste as a 
potential resource. The situation in Accra may not be an isolated case, as 
most cities countrywide lag behind in terms of policy and practice. The 
religious enforcement of some ‘by-laws’ such as the “pay-as-you-dump” 
policy, which were seemingly enacted without reference to local knowl-
edge, is tantamount to punishing the public. Rather, attempts should be 
made to give residents incentives to do the right thing and the YES project 
is a microcosm of such a model.

The project has amply demonstrated that awareness creation amongst 
all key stakeholder groups, including local government offi cials, NGOs 
and the public, is imperative for effective and sustainable SWM services, 
and that there is a wide range of methods used to raise awareness. It is 
however, important to choose the communication channels and materials 
that are appropriate for each target audience and for the specifi c situation 
of the municipality. It also building the capacity and adequately equipping 
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participants as waste management, especially landfi ll operations, is highly 
technical and normally requires people with specifi c technical skills and 
sound scientifi c background. Bench-marking SWM functions and know-
ing what expertise is required to perform these functions will assist in 
drafting appropriate job descriptions and specifi cations.

By investing and cultivating the interest, enthusiasm and willingness 
of residents, and adopting acceptable socio-economic initiative-based 
models that sustainably increase volumes of waste separated at source and 
recycled, the project has been extremely successful. It demonstrates that 
putting in place appropriate mechanisms to ensure a reliable and timely 
waste collection regime and an easy, stress-free, accessible and economi-
cal market for recyclables is critical for sustainable SWM system. This is 
of great importance in Accra, where municipal SWM poses a considerable 
environmental risk because waste is merely collected and buried with no 
engineered landfi lls.

Admittedly, such programmes will not be effective without concurrent 
community campaigns on the collection and sale of recyclables. Again, 
the negative preconceptions of city managers and planners about the in-
formal economy in general, play an important inhibiting role in attaining 
integrated SWM system and this situation needs to be addressed. See-
ing informality as a symptom rather than a victim of poor policies and 
programmes crowds out its inherent potentials, which can be gleaned to 
ensure sustainable environmental development. Appreciating the waste 
value chain means that all stakeholders ought to be made part of the gov-
ernance structure.

Municipal SWM requires planning, foresight and refl exive governance 
to ensure that sustainable systems are adding value and/or complementary 
to each other (see Oteng-Ababio 2013). The current situation, where some 
urban residents are often prevented from participating and benefi ting from 
the development processes and services because of their perceived lack 
of knowledge, or due to others’ lack of knowledge about their situation, 
conditions and development needs, must be abated. Once knowledge and 
information is cultivated at the local level, accessed and shared, such ten-
dency can place the community on an equal footing (Veeravatnanond et al. 
2012). Such knowledge can be usefully shared between cities, improving 
prospects for pro-poor investments and development.
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Efforts directed towards empirical research must continue, especially 
regarding waste audits since these will greatly support any future decision 
by city authorities. It is important to sample other areas to ascertain the 
possibility of replicating the YES project. In addition, waste separation 
programme must be accompanied by proper education to create deeper 
understanding in each community regarding separation, re-using and re-
cycling activities so that the exercise is not simply regarded as tedious one 
imposed by ‘bureaucratic, profi t-making government authorities’. Rather, 
the process will be seen as a new approach that encourages residents to 
regard waste as a potential resource. The fi ndings resonate with earlier 
studies (UN-Habitat 2011) that have shown that urbanization of poverty 
would increase unless the governance structure improve urban planning 
and management, and recognize the right of urban poor to improve their 
conditions and participate in the distribution of the benefi ts that the urban-
ization process has to offer.

ENDNOTES

aIn 2012, the exchange rate of a cedi to dollar stood at US$ 0.517.

bIn year 2000, the exchange rate of a cedi to dollar was US$ 0.715.

cThe private contractors charge a disposal fee of GH¢12 per tonne and 
with no weighing bridges installed at these sites, city authorities are at the 
mercy of both haulers and managers of the sites.
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CHAPTER 5

Challenges to Achieving Sustainable 
Sanitation in Informal Settlements of 
Kigali, Rwanda

AIME TSINDA, PAMELA ABBOTT, STEVE PEDLEY, 
KATRINA CHARLES, JANE ADOGO, KENAN OKURUT, 
AND JONATHAN CHENOWETH

5.1 INTRODUCTION

In Kigali, Rwanda’s capital city, like many other cities in developing coun-
tries, the most widely used sanitary facilities in the poor neighbourhoods 
are pit latrines, occasionally supplemented with flushing toilets and septic 
tanks [1]. Conventional pit latrines provide a cheap way to handle hu-
man waste and require little maintenance; however, they provide limited 
comfort, attract flies and spread diseases such as diarrhoea and dysentery 
through contamination of the environment [2].

Rapid population growth and urbanization associated with the prolif-
eration of informal settlements are often accompanied by environmental 
degradation. About 62% of the urban population in sub-Saharan Africa 
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lives in informal settlements [3,4]. The problem of informal settlements 
remains one of the greatest challenges for city managers. In sub-Saharan 
Africa, less than half of the population has access to a sanitation facility 
that meets the WHO/UNICEF Joint Monitoring Program (JMP) defi nition 
of improved [5,6].

In Kigali, the population is growing faster than the provision of ser-
vices. In 1996, the population was 358,200, but by 2012, it had increased 
to 1,135,428 [7]. Much of the urban growth has taken place in unplanned 
settlements that now accommodate 62.6% of the population. The 2010 
Demographic and Health Survey reported 88.7% of sanitation to be im-
proved; although this number falls to 46.2% if the JMP defi nition, which 
excludes shared sanitation, is used [8]. However, this percentage does not 
point out the disparities in conditions within the formal and informal parts 
of the urban area.

Pit latrines in the informal settlements are often poorly maintained and 
rarely emptied; the pits are generally not lined with bricks and can collapse 
after a period of use [9]. Furthermore, there are few suction trucks avail-
able to empty soakage pits and septic tanks, and often sites are not accessi-
ble due to the narrow steep roads which lead to the latrines. Even if there is 
a possibility to empty liquid from pits, the sludge is not always disposed of 
in a proper manner. However, neglecting pit emptying or employing poor 
quality emptying services can have serious health and environment con-
sequences. For example, substandard pit emptying services in Freetown, 
Sierra Leone, have been partly responsible for diarrhoeal disease, cholera 
outbreaks and high infant mortality, especially in informal settlements and 
poor unplanned areas [10,11].

This situation might be improved if Kigali was equipped with a sewer-
age system. However, unlike other cities in East Africa, which have net-
works of sewer pipes and treatment plants to cover a small percentage 
of its inhabitants, Kigali has neither a central treatment facility for sew-
age nor a system of sewers. As a result, the large volumes of wastewater 
produced in the city, are either discharged untreated into wetlands sur-
rounding the city or allowed to infi ltrate into ground water, polluting fresh 
water resources as well as the soil [1]. There are plans to build a sewage 
treatment plant, but funding remains a major challenge. Kigali lacks fi nan-
cial resources and therefore cannot afford a centralized sanitation system 
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because of the high cost of the associated physical infrastructure which 
includes a network of pipes, treatment plants and maintenance [1,12].

Although it is known that well-managed systems for piped water, sani-
tation, drainage, and garbage removal would improve the health of city 
residents [13], introducing and maintaining centralised systems in devel-
oping cities have been hampered by political, economic, ecological and 
social instabilities. This leads to poor environmental performances and 
perpetual breakdowns, due to lack of proper maintenance or timely invest-
ments [2]. In addition, although Kigali is well-known for the cleanliness of 
its streets, little is known about the life in informal settlements.

This raises a pressing need to understand the nature and magnitude of 
the issues affecting sanitation provision in order to fi nd more cost-effi cient 
and sustainable sanitation alternatives to address them. Innovative decen-
tralized sanitation and re-use systems were developed partly in opposi-
tion to centralized ones and there have been claims they are more robust, 
cheaper and better able to deal effectively with environmental challenges 
[1]. Whichever technologies are used, they must be context appropriate 
and cost effective to the low-income dwellers [14] of developing cities. 
However, to the best of our knowledge, no research has been undertaken 
on how current on-site problems can be solved by the use of other on-site 
or ‘mixed’ technologies that match with the context of informal settle-
ments of Kigali.

It is against this background that this article aims to analyse the chal-
lenges faced by people using the existing sanitation systems in terms of 
wastewater treatment, operation and maintenance; and frame sustainable 
sanitation systems that match with the local conditions of informal settle-
ments of Gatsata and Kimisagara. The fi ndings will contribute to provid-
ing the basis for policy makers to make informed decisions on which sani-
tation systems fi t for informal settlements of Kigali, and other major cities.

5.2 METHODS

The study was conducted in two informal settlements in Kigali which were 
purposely sampled because they have some of the poorest sanitation facili-
ties. The settlements are also characterized by high levels of poverty, high 
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rates of illiteracy, high unemployment, poor housing, and a lack of access 
to quality health care and transportation, and an unhealthy environment 
[15]. Other characteristics of these areas include poor drainage systems, 
poor sanitation facilities, the unauthorized building of extensions, and the 
high density of settlements with steep slopes and wetland areas.

A mixed method approach was used. This included transect walks 
through the settlements, a household survey, focus groups discussions and 
key informant interviews. The study team started an unannounced transect 
walk with an informal talk with a few community members and then con-
tinued the walk to observe the condition of sanitation facilities as well as 
any evidence of open defecation around the house and backyards.

The household survey, collected quantitative data on sanitation facili-
ties and income using a structured questionnaire. The survey sample was 
selected through random route sampling techniques in proportion to the 
population of the study area. It was conducted between May and Septem-
ber 2012. The survey questionnaire was pilot tested before being adminis-
tered in the communities, and all the staff involved with the survey were 
trained before use. Out of the 1,883 targeted household, 1,794 households 
(95%) were interviewed giving a non-response rate of 5%. The head of 
household or another adult (18 years and over) answered the questionnaire 
on behalf of the household.

The fi ndings of the survey were supplemented by the qualitative re-
search, undertaken to fi nd out more about the issues and constraints to 
improving sustainable sanitation. Purposive sampling was used to select 
informants with the same sampling frame used in both settlements. Focus 
group discussions and in-depth interviews were used to capture the infor-
mants’ perspective and allowed for more in-depth information on sanita-
tion and helped us to better understand what was going on and why. This 
is important because in various fi elds of science, voices have been raised 
that research should be done with people and not on or for people [16,17]. 
Sanitation is an example for such a setting and thus in order to defi ne 
sanitation technology options with a high chance of long-term success, a 
thorough understanding of the needs and concerns of residents (own oc-
cupiers, tenant, landlords) is essential.

Our qualitative work in Kimisagara and Gatsata yielded a rich data set. 
This article draws primarily on eight focus group discussions conducted 



Challenges to Achieving Sustainable Sanitation 133

with owner occupiers, eight focus group discussions with tenants (half fe-
male and half male) who were the head of households but excluded local 
leaders and resident landlords; four focus group discussions with landlords 
(two landlords-residents, two landlords-absent); two focus group discus-
sions with community health workers; two focus group discussions with 
village leaders; two class discussions with primary six pupils; three indi-
vidual interviews with people with disability; three individual interviews 
with old people (above the age of 65); one person with a chronic disease.

Survey data were coded and analysed using the SPSS software version 
20. For the statistical analysis, the minimum level of signifi cance accepted 
was 95% (p < 0.05). The data collected through focus groups discussions 
and in-depth interviews with key informants was transcribed and analysed 
thematically. In order to improve the validity of the data, a triangulation 
strategy was used. This strategy involved collecting information from a 
range of sources (household survey, transect walks, focus group discus-
sions, interviews).This has the advantage of fi lling weaknesses or gaps in 
data for one method, which results in strengthening the overall quality of 
the results. Ethical approval was given by Ethics Committee of University 
of Surrey. Participation in this study was voluntary and all respondents 
gave verbal informed consent to their participation in the research.

5.3 RESULTS

5.3.1 SOCIO-ECONOMIC CHARACTERISTICS 
OF SURVEY RESPONDENTS

The age of respondents ranged from 18 years to 88 with a mean of 33.1 
years and a SD of 11.7. The majority of the respondents were between the 
ages of 25 and 35 years. 62.8% of respondents were married with 23.1% 
being single and 14.2% being divorced/widowed. Men were more likely to 
be single (35.5%) than female (16.8%) while the women were more likely 
to be widowed (19.8%) than men (3.1%). Just over half of the respondents 
had completed primary school education (53.3%). Women were more likely 
to have had no education than men (11.7% compared to 6.4%) while men 
were likely to have higher education than women (3.2% compared to 1.4%).
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TABLE 1: Distribution of improved sanitation systems (a) and shared usage according to 
JMP definition (b) in informal settlements of Gatsata and Kimisagara.

Section (a): Type of Sanitation Systems Section (b): Sanitation Systems

Shared Not Shared Grand Total

N % N % N % N %

Improved Flush 48 2.7 19 1 29 1.6 48 2.6

Pit latrine with 
slab

946 52.7 650 36.3 296 16.50 946 52.9

Other improved 
categories

15 0.9 11 0.6 4 0.3 15 0.9

Improved Sub-
Total

1,009 56.3 ** 680 37.9 329 18.4 
*

1,009 56.3

Unim-
proved

Open pit latrine 
without slab

690 38.5 558 31.2 132 7.4 690 38.6

Other unimproved 
categories

90 5.0 74 4.1 16 0.9 90 5.0

Open defecation 5 0.3 - - - - 5 0.3

Unimproved Sub-
Total

785 43.7 632 35.3 148 8.3 785 43.6

Grand Total of 
both Improved 
and Unimproved

1,794 100 1,312 73.2 477 26.7 1,794 100

Notes: * The proportion improved sanitation (Shared systems excluded); ** the proportion 
improved sanitation (Shared systems not excluded).

The level of unemployment was 22.5% while employment was re-
ported to be 77.5%. Of those who said they were employed, the majority 
were self-employed (66.2%) including farm work, 20.6% were engaged in 
waged employment, while 13.2% of respondents were dependent family 
workers. Men were more likely to be in waged employment (25.5%) than 
women (9.3%) while men were signifi cantly (p < 0.005) less likely to be 
unemployed (11.3%) than women (30.2%) (Cramer’s V < 0.005). During 
the focus group discussions with males and females in the two selected 
settlements, it was consistently revealed that men were fi nancially respon-
sible for the family, although women may partake in small income-gen-
erating activities. In terms of household duties, men were mainly respon-
sible for providing food, shelter, clothing, construction of latrine; whereas, 
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women were mainly engaged in domestic work, childcare, raising the chil-
dren, cooking, cleaning, and collecting water.

5.3.2 EXISTING SANITATION SYSTEMS 
IN STUDY AREAS OF KIGALI

In the two informal settlements in Kigali, pit latrine facilities (both with a 
slab and without a slab) were the most common sanitation option (91.2%), 
as shown in Table 1, Section (a). The table also shows the distribution 
of improved sanitation systems according to WHO/UNICEF Joint Moni-
toring Programme (JMP) definition, which excludes shared sanitation. 
Improved sanitation facilities are defined as the hygienic separation of 
human excreta from human contact, which includes a flush or pour flush 
toilet connected to either pipe sewerage, a septic tank or a pit latrine, a 
Ventilated Improved Pit latrine (VIP), a composting toilet, a pit latrine 
with a cover slab and other special case (e.g., urine diverting dry toilet) 
[5]. Thus, when shared sanitation is excluded from improved sanitation, 
the proportion of residents with improved sanitation in study areas is 
18.4% (Table 1), Section (b).

Sharing facilities was common with, on average a latrine, being shared, 
between four households. At the extreme, in one instance, 15 households 
were sharing one latrine. Open defecation was not widely reported (0.3%) 
(Table 1), Section (a) despite being observed during the transect walks. 
The few households that were not using latrines gave a number of reasons, 
that the latrine was full; they did not have a latrine; the latrine had col-
lapsed; latrine was under construction.

5.3.3 ISSUES ASSOCIATED WITH EXISTING SANITATION 
FACILITIES IN INFORMAL SETTLEMENTS OF KIGALI

The survey sought to establish whether respondents think there are prob-
lems associated with their sanitation facility. 80% of respondents reported 
at least one problem, with the most frequently mentioned problem being 
shared usage (58.5%) followed by smell (38.7%). Other problems fre-
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quently reported were difficulty to clean (38%), insect problems (32.4%), 
safety (30.1%), distance from the dwelling (21.2%), and toilet not always 
available when needed (20.2%) (Figure 1).

However, while some respondents experienced no problems, others 
said that they had more than one problem with a majority of respondents 
having between two and fi ve problems (20.8%, 16.9%, 13.4%, and 8.5% 
respectively). A few households reported experiencing more than six prob-
lems (5.5%). During transect walks, we observed that most of the latrines 
were open pits that smelled bad because they were very shallow or full; a 
few had visible breeding areas for fl ies. The mud fl oors in traditional pit 
latrines had dirty fl oors, preventing the water draining away in a hygienic 
sanitary way and providing a favourable breeding ground for fl ies.

The participants in focus group discussions said that most of toilets 
were dirty and this caused health problems, such as intestinal worms, ty-
phoid and diarrhoea, especially amongst children. One female tenant, for 
example, explained how diseases can be contracted from using unclean 
toilets:

“The ways of transmission are various. The lack of fresh water 
and soap in the house can hinder people from hand washing and 
uncovered pits or stagnant black water can attract flies. Effluent 
from tanks and pits can pollute surface and ground water used for 
human consumption with pathogens and pollutants.”

One reason for the unhygienic condition of the toilets was said to be 
because a large number of households share one latrine. For example, el-
derly, disabled and sick people reported unclean facilities to be a big chal-
lenge for them, especially when shared with many households. This was 
because they sometimes had to touch the fl oor or dirty walls to get support 
while using the facility particularly when squatting in position caused pain 
in their knees and back. The following quote illustrates their concerns:

“Sometimes when I stay too long in the squatting position, to be 
able to stand up, I find support by touching the ground, where I 
can easily contaminate with diseases. It is a very embarrassing and 
stressful experience for us old people” (Woman with disability).
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The lack of lighting in the toilets was frequently mentioned by tenants; 
however, only a few owner occupiers also raised this issue. Some tenants 
noted that the lack of lights caused people to not see the toilet hole at night 
and thus to defecate on top of the toilet. While a lack of doors was cited by 
the majority of tenants, owner occupiers expressed concern about the toi-
lets that cannot be locked while occupied in, creating a fear of the sexual 
assault on the part of women. Tenants and owner occupiers complained of 
toilets that smell bad in the house and fl ies from the toilet getting into the 
kitchen, which spreads diseases:

“When you are passing by, the bad smell from the toilets hit your 
face and you do your best to leave the place as quick as possible” 
(One male tenant).

Disabled people with mobility problems have different views about the 
distance to toilets, and said that the toilets were too far away from their 
house. A related issue was that the paths to the toilets were not easy for 
disabled or old people to use because they are not paved. One disabled 
woman explained:

“When constructing the toilets and paths to the toilet, they do not 
give any considerations to the disabled; everything is constructed 
to suit the ordinary normal person”.

Another disabled man, who uses his hands to walk, discussed his prob-
lems getting to the toilet:

“The path to the latrine is not safe at night. I fear I will get injured 
by stones or sharp objects left on my way. Thus I am obliged to 
defecate beside the house like a kid and my wife has to wipe it off 
early in the morning”.

Some toilets were reported to be constructed with poor materials such 
as timber and sticks; thus people feared using them as they could be prone 
to accidents, such as falling into the pit. Although only one owner occupier 
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mentioned a fear of slipping and falling on the wet toilet fl oor, the issue of 
safety was frequently raised by tenants.

“I am frightened to use our toilets because I fear that the toilets 
will collapse at any time and I will fall down the hole and die; so 
I prefer other alternatives such as using a bucket, or practicing 
open defecation” (Male tenant).

They further pointed out that some toilets lacked doors and this com-
promised privacy:

“My toilet is okay, the only problem is that it is not properly con-
structed and does not promote privacy. If I am inside, people out-
side can see me while using it”, complained one female tenant.

Older and disabled people frequently mentioned diffi culties they have 
using a toilet without a seat and explained that their knees and legs get 
tired easily. To deal with such a situation, they said that they made a kind 
of stool for them to sit on to go over and around the pit hole. They also 
said that they used buckets in their homes and their relatives throw out the 
waste later.

Tenants reported that the size of the holes in some pit latrines are too 
large for children, thus they defecate on the ground or besides the pit la-
trine’s hole. They also complained about problems with open defecation 
practiced by people without toilets in their settlement. Similarly, owner 
occupiers reported the issue of open defecation when their pits fi ll up:

“People in settlements still practiced open defecation in open spaces 
between houses, in corners, on people’s fences and this is mostly 
done by kids, drunkards, homeless youth or outsiders; the reasons 
of such malpractice was said to be due to local bars not having a 
toilet as well as lack of public toilets in the settlement, unavailabil-
ity of toilet due to a large number of people sharing a facility, poor 
hygienic conditions of the facility, people without facilities or simply 
because of poor attitude of some people” (Female owner occupier).
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Although open defecation was frequently cited by tenants and owner 
occupiers, village leaders went further and said that people defecate in 
bags and throw the bags on the roofs. In addition, they reported that people 
empty the toilets into the drainage channels and solid waste dumps at night 
or in neighbours’ toilets. However, observations made during the transect 
walks found that there was limited open defecation and only few cases 
were reported in the backyards of house.

The tenants also complained about the pits, which fi ll quickly. One 
female tenant stated:

“Pit latrines fill up quickly here in informal settlements as a result 
of the large number of users. Due to the diminishing space avail-
able in informal settlements, households must resort to emptying 
their pit latrine and as constructing a new latrine is impracti-
cal, but the issue is the fact we do not even have emptiers around 
here...”

While agreeing to some extent with tenants about the pits that fi lled 
quickly, landlords provided a slightly different point of view. They stressed 
that in most cases; pits had shallow depth due to high water table or rocky 
soil, and blamed tenants for disposing of tins, glasses, plastics and garbage 
into the facility, thus causing the facility to fi ll up quickly.

5.3.4 CONSTRAINTS TO SUSTAINABLE SANITATION IN 
INFORMAL SETTLEMENTS OF KIGALI

Results from the survey showed that the most important constraints to 
building sanitation facilities were lack of money (68.2%), topography 
(13.8%), insufficient space (12.3%), difficult in obtaining permit (3%), 
lack of construction materials (2.4%), lack of specialized equipment 
(0.2%) and lack of information (0.2%). As far as toilet waste emptying 
and transport were concerned, only 2% of respondents reported emptying 
their pit latrines. Yet when a pit fills up, emptying is often the only sustain-
able option [1].
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Of the 25 cases where households emptied their pit latrines, 34% trans-
ported the waste to the landfi ll site at Nduba while the remainder disposed 
of their waste indiscriminately in dumpsites. This shows that waste empty-
ing and transport services are almost non-existent in informal settlements 
of Kigali. The survey sought to understand why such a situation exists by 
ascertaining the most important barriers to emptying and transport (Figure 
2). It was found that lack of money was a major constraint (73% for emp-
tying and 89% for transport).

As observed during the transect walks, the informal settlements were 
constructed on the most undesirable land such as landslide-prone steep 
slopes, fl ood plains, swampy grounds, and rocky grounds that are hard to 
build on. This presents a big challenge in terms of emptying and transport-
ing waste from pit latrines. In addition, during the qualitative research, 
the landlords’ unwillingness to improve the sanitation facilities was fre-
quently mentioned by tenants as a big constraint:

“Landlords become resistant when asked for improved sanitation 
and are more concerned with making money. For instance, when 
tenants request for improved sanitation landlords respond harshly 
telling them to look for other houses where they will find what 
they want and if they are not satisfied with what is there, that there 
are many people who can be comfortable with what is present” 
(Female tenant).

However, the views of landlords were different from those of tenants. 
While the tenants said that landlords were unwilling to spend money to 
improve sanitation, landlords explained that they were not planning to up-
grade sanitation facilities on their properties because they did not receive 
enough money from rent and therefore they could not afford to improve 
sanitation. These views from landlords were shared by a few tenants who 
noted that some landlords might be willing to pay for improved sanitation 
but might themselves face fi nancial constraints. A female tenant said:

“Sometimes, we think that landlords are rich and yet they are not, 
and when you analyse you find that they cannot afford to construct 
a good standard toilet, because the landlords have also many de-



Challenges to Achieving Sustainable Sanitation 143

pendents and more pressing needs and priorities than having a 
proper toilet”.

Owner occupiers shared some of views of tenants and landlords and 
stated that sanitation is not their top priority because they had many other 
urgent issues to deal with:

“My toilet has no roof because I have no money; when I get mon-
ey, another urgent problem occurs and then I prefer to solve that 
one first” (A female owner-occupier).

The participants in the qualitative research also raised the challenges 
in achieving sustainable sanitation in informal settlements of Kigali. For 
example, the landlords noted that when an old pit is full, they dig a new 
hole because emptying services are limited and expensive:

“The major challenge faced is the cost of constructing a toilet 
which is very expensive. Even if they pay us rent every month, it is 
too little to construct a toilet” (Male resident- landlord);

“Space is the biggest obstacle of all; it is impossible to construct 
more than three toilets on my land” (Female absentee-landlord).

Owner occupiers agreed that although the lack of money was one of 
reasons why emptying services were limited in informal settlements of 
Kigali, there were other constraints that needed to be taken into consid-
eration:

“Although pit emptying services are too expensive (USD 150) 
and few can afford to pay this amount of money, they (emptying 
services) had been banned by the authorities because people had 
dumped the sewage into the drainage channels; yet those who af-
ford to pay for emptying are limited by the roads which are too 
narrow in the settlement for pit emptying trucks to reach their 
toilets, so I think the facilities that are in close proximity to roads 
could be easily emptied” (A male owner-occupier).
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Some key informants went further and pointed out that there was no-
where in Kigali for toilet emptiers to dump the sewage from the toilets:

“We really do not have sustainable mechanism to deal with sew-
age here because there is nowhere to dump the sewage; it is a big 
problem...”(KCC official).

Responses for elderly, disabled and sick people showed that while 
fl ush toilets suited their needs, the lack of piped water to their compounds 
makes it impossible for them to have fl ush toilets:

“The facility that I think is suitable for older people is the flush 
toilet as it gives support but the challenge is there is no water ac-
cess in the settlement and this would also increase water bills yet 
money is one of my biggest challenges in accessing a good toilet” 
(Old woman).

5.4 DISCUSSION

The aim of this study was to analyse challenges to achieving sustainable 
sanitation in informal settlements in Kigali and frame appropriate, suitable 
and sustainable sanitation technologies that match with the local condi-
tions of study settlements of Kigali.

5.4.1 CHALLENGES TO ACHIEVING SUSTAINABLE 
SANITATION IN INFORMAL SETTLEMENTS OF KIGALI

Regarding the challenges to achieving sustainable sanitation in informal 
settlements of Kigali, it was found that the high population density and the 
ensuing congestion of houses contribute to the lack of space for latrines. 
This leads to pits being dug close to houses, which weaken the founda-
tions of already poorly constructed houses. The majority of the informal 
low-income communities were located in difficult terrains such as marshy 
land, swamp, steep slopes, abandoned refuse tips or grave yards, flood 
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plains and rocky areas. Building latrines in these soil conditions can some-
times be challenging due to the instability of the soil, and the difficulty of 
digging into rocks.

Pit latrines with a slab represent improved sanitation in its most basic 
form, but once the pit is full it no longer provides this service; and the pit 
must either be covered over, and a new latrine constructed, or the exist-
ing pit emptied [18,19]. However, unlike other developing cities such as 
Kampala, Nairobi and Dar-es-Salaam, Kigali has no clear strategy for the 
emptying of pit latrines [1,15] and only 2% of households empty sludge 
from their pits. Therefore, there is a risk of the full latrine overfl owing, 
contaminating the environment with large quantities of excreta containing 
harmful pathogens and causing offensive smells [20].

However, smell was not reported as a major problem in some areas of 
Africa [21,22]. From the fi ndings of this study, a possible explanation for 
this disparity could be that, a signifi cant proportion of pit latrines in the in-
formal settlements of Kigali might be simple pit latrines without a cover and 
are thus technologically inferior at reducing smell when compared to VIPs.

Another problem that was noted in relation to full pits is the potential 
for the pollution of groundwater under or near pit latrines, particularly in 
areas with high water table [23], which is the case of most of informal 
settlements of Kigali. This is a serious problem because it affects the qual-
ity of drinking-water. For example, due to the high water table, Botswana 
experienced high groundwater pollution that can be linked to the wide-
spread use of pit latrines as a sanitation option [22,24].

Pits in the informal settlements of Kigali were generally not lined 
with bricks and vulnerable to collapse. This puts children at risk and most 
households tend to discourage children from using latrines for fear that 
they might fall in. This was also reported in Kumasi, Ghana where chil-
dren were made to defecate in plastic containers, which were later emptied 
into the latrine [25].

The other issues raised by respondents included closeness of the toi-
let to the households, accessibility during night, toilet rooms not having 
light inside, a toilet that is not lockable for privacy when in use, and the 
propagation of fl ies. However, although the quantitative results from the 
survey indicate low percentages for insect nuisance (32.4%), fl ies and in-
sects are serious issues because they are reported to be responsible for the 
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propagation of faecal-oral diseases, such as diarrhoea or intestinal worms 
[26,27], children are particularly known to be more at risk [28] because 
they are used to play in stagnant wastewater. Controlling smells, fl ies and 
mosquitoes is, therefore, a high priority for reducing household and envi-
ronmental health hazards.

A number of factors have constrained progress towards sanitation im-
provement. In particular, lack of money was reported in survey to be the 
main reason. The inability to save funds to invest in longer-term sanitation 
facilities, coupled with a low income, signifi cantly restricts the choices that 
individuals can make. The situation might be improved if fi nancial support 
from local and national governments was available. However, unlike other 
developing cities, there are no Non-Government Organizations (NGOs) 
working on sanitation issues in the informal settlements of Kigali [15]. In 
addition, sanitation is not a budgetary priority for the Government [29] and 
the City of Kigali, which is supposed to support the poor, often lacks fi nanc-
ing resources to meet the needs of the population for sanitation and other 
services [15]. The illegal nature of occupancy and the impact that is likely to 
have on decisions to invest in sanitation is another challenge.

Research in South Africa supports the argument that poverty is the big-
gest factor in preventing households from benefi ting from improved sani-
tation [30]. However, there was no agreement amongst the participants of 
this study as to whether fi nancial problems are a real or rather a perceived 
constraint that restricted poor urban dwellers of informal settlements from 
building latrines. Indeed, the results from the questionnaire survey indicated 
that there were many other factors that hinder the sanitation improvement 
in informal settlements of Kigali such as the lack of suffi cient space to build 
individual toilets. This is supported by a study conducted in Kibera slum in 
Nairobi (Kenya) where it was found that it is not feasible to provide individ-
ual sanitation facilities in high-density slums with high poverty levels [6].

5.4.2 SUSTAINABLE SANITATION TECHNOLOGIES 
APPROPRIATE TO INFORMAL SETTLEMENTS OF KIGALI

In developing countries, unimproved sanitation facilities are the prime 
cause of widespread and serious health problems, but improvements in 
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these services show few health benefits unless they are coupled to improved 
hygiene behaviour [18]. Overall, 18.4% of households in the informal set-
tlements surveyed had access to some form of improved sanitation system 
if WHO/UNICEF Joint Monitoring Programme (JMP) definition is used, 
which excludes shared sanitation. However, this does not genuinely reflect 
the reality on the ground. This is because access to improved sanitation sys-
tems was assessed using physical measures [19] but in most cases this did 
not capture real access levels since even the flush toilets might not provide 
adequate sanitation services if they are poorly maintained.

Some respondents argued that the establishment of central sewerage 
systems can help in addressing some of the challenges and achieving sus-
tainable sanitation in Kigali. However, such systems need high investment 
and most developing cities, including Kigali, lack the fi nancial resources 
to pay for centralized sanitation systems [1]. Costly centralized sanitation 
systems are not only a problem for developing countries. Because of high 
maintenance cost and little profi t returns, centralized or off-site water and 
sanitation systems have to be directly cross subsidized and the chances to 
ever become fi nancially sustainable are low even in developed countries 
[1]. There are other problems caused by centralized sanitation systems 
associated with over exploitation of natural resources. To transport hu-
man waste, networks of sewer pipes consume enormous volumes of water, 
which is not available in informal settlements.

In comparison with central sewerage systems, decentralized sanitation 
systems have been promoted by scholars [1,2]. Decentralized sanitation 
technologies used worldwide include simple pit or traditional latrines, Ven-
tilated Improved Latrines (VIP), Ecological (Eco-san) latrines, pour-fl ush 
latrines and Water closet toilets, connected to septic tank. In household 
survey, it was reported that the majority of respondents reported the use of 
traditional pit latrines. The preponderance of traditional pit latrines is in 
line with previous research fi ndings, in which they are reported to be the 
preferred sanitation option compared to other more advanced technologies 
such as fl ush toilets [31] because they are cost-effective and when well 
designed, built and maintained, they provide adequate sanitary benefi ts.

However, the problem is that the pit is not lined and thus diffi cult to 
empty when they fi ll up [32]. The unlined pits pose a challenge using emp-
tying trucks because of the excreta mixing up with soil or gravel particles 
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from the pit walls. A common problem with unlined pit latrines is collapse, 
especially during the rainy season. Excavating new pits within an ever di-
minishing space due to the high density and close proximity of households 
is not practicable or sustainable. Other inconvenient drawbacks for tradi-
tional pits are soil and ground water contamination with pathogens, bad 
odours, fl ies/mosquito breeding, potential pit collapse in cases of heavy 
rains, the distance from house, especially for women and children during 
night [33].

On the other side, the fl ushing toilets connected to septic tanks which 
constitute the preferred system for most citizens because of their comfort, 
are also faced with problems. Septic tanks are expensive and therefore not 
affordable for the majority of the urban poor population and they cease 
to work properly when they are old and over-utilized, potentially causing 
serious environmental and public health problems [1]. However, there is 
no need to start from nothing, since small-scale household composting and 
other decentralized systems (DeSaR) are widely considered a potential so-
lution for developing countries [2]. Unlike conventional sewers which re-
quire a large wastewater system and expensive treatment before there can 
be any reuse and redistribution, decentralised systems are cost-effective 
and enable a more effi cient separation of liquid and solids for re-use by 
communities located near the site [1,2].

5.5 CONCLUSIONS

The aim of this study was to analyse challenges to achieving sustainable 
sanitation in informal settlements of Kigali and propose sustainable sani-
tation technologies that match with the requirements of study settlements 
of Kigali. The study used a mixed method approach and this included tran-
sect walks, a household survey, focus groups discussions and key infor-
mant interviews.

Our fi ndings reveal that the traditional pit latrines are the most com-
mon types of excreta management systems that exist in Kigali. However, 
such systems are not a sustainable sanitation option because they are vul-
nerable to leakages, collapse during heavy rains and attract fl ies. In addi-
tion, these facilities fi ll up quickly due to small volumetric capacity for 
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most pits, high number of users (because of sharing), and are not easily or 
regularly emptied. Also, as a result of the steady increase in the population 
of the slum dwellers coupled to the construction of unplanned structures, 
the space available for constructing new traditional pit latrines is continu-
ally decreasing [34].

To this end, this implies that dwellers of informal settlements are in-
clined over time to reject these traditional pit latrines for alternative low-
cost more sustainable options, such as innovative decentralized sanitation 
and reuse (DeSaR) and water serving sanitation technologies, because 
they can play a part in reduction of over exploitation of natural water 
sources, which continue to be scarce, as a result of population pressure in 
the country. DeSaR technologies are appropriate in informal settlements 
because they occupy less space, do not require emptying by vacuum tank-
ers, pre-treatment/composting, provides opportunity for nutrients re-cy-
cling which is environmentally sustainable and, if well maintained, have 
minimal harmful effects [35]. However, to be able to provide improved 
sanitation options for these communities, pilot projects are necessary so 
as to gauge acceptability [34]. Meanwhile, since the majority of residents 
do still depend on shared sanitation facilities to reduce the sanitary-related 
diseases, more emphasis has to be placed on hygiene education practices, 
focusing on proper use and cleanliness of the facilities.
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PART II

SUSTAINABLE TRANSPORTATION





Transport Infrastructure and the 
Environment: Sustainable Mobility 
and Urbanism

ROBERT CERVERO

CHAPTER 6

6.1 INTRODUCTION

Urban areas, home to more than half of the world’s population, face un-
precedented transport and mobility challenges. With rapid population and 
economic growth, demands for urban mobility are steadily rising. Glob-
ally, some 8 billion trips are made every day in cities of which nearly half 
(47%) are by private motorized modes, almost all of which are propelled 
by fossil fuels (Pourbaix, 2011). In 2050, there may be 3 to 4 times as many 
passenger-kilometers travelled as half a century earlier, infrastructure and 
energy prices permitting (International Transportation Forum, 2011).

Concurrent to rapid rates of motorization, more sustainable forms of 
transport like public and non-motorized transport face mounting challeng-
es, especially in developing countries. Public transport and non-motorized 
modes, despite being the chief way many poor people get around, are fast 
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losing customers to private cars in much of the world (Gakenheimer and 
Dimitriou, 2011). In 2005, walking and cycling accounted for only 37 
percent and public transport 16 percent globally (Pourbaix, 2011). At the 
same time, informal modes of transport are proliferating to fi ll the gaps left 
by inadequate or non-existent public transport services.

The transportation sector is also inextricably linked to the climate-
change challenge since it is currently responsible for 13 percent of Green-
house Gas (GHG) emissions worldwide and 23 percent of total energy-
related GHG emissions (UN Habitat, 2011). If recent trends hold, the 
sector’s share of global GHG emissions could reach 40 percent by 2050 
(International Energy Agency, 2011). Fueling this increase is the growing 
demand for urban mobility. In the hundredplus years of motor vehicles re-
lying on gasoline as a fuel, the world has used approximately 1 trillion bar-
rels of petroleum to move people, materials, and goods (Black, 2010). The 
transport sector’s share of global oil demand grew from 33 percent in 1971 
to 47 percent in 2002 and by one account could reach 54 percent by 2030 
if past trends hold (IFP Energy Nouvelles, 2012). With increasing motor-
ization and investments in roads and highways, cities fi nd themselves in a 
vicious cycle—reliance on the private car unleashes more sprawl and road 
building further increases reliance on the private car.

It is widely accepted that cities of the future must become more sus-
tainable, and that the transportation sector has a major role to play in this 
regard. The idea of a paradigm shift in urban transport is gaining currency 
in many parts of the world, not only to de-carbonize its fuel supply but also 
to create cleaner, economically viable, and socially just cities of the future. 
In particular, a shift towards the design of more compact cities based on 
the inter-mixing of land uses that prioritize sustainable forms of mobility 
such as public transport and non-motorized movement is broadly advo-
cated. The post-oil city of tomorrow will need to be one that allows people 
to easily get around by foot, two-wheelers, buses, and trains. It is also rec-
ognized that urban transportation systems needs to be inclusive, providing 
mobility opportunities for all. In a car-dependent city, those without access 
to a private vehicle—often the poor, physically disabled, youth, elderly, or 
those forsaking car ownership out of choice—are unable to access oppor-
tunities and services. It will also be essential to enhance the pivotal role of 
transportation in the shaping the economic future of cities, in recognition 



that it is the transport sector that connects workers to jobs, raw materials to 
plants, produce and goods to markets, and people to retail shops and places 
of entertainment and recreation.

This paper discusses key challenges in advancing sustainable urban 
mobility in the 21st century, particularly in a developing cities context. Is-
sues facing different modal options discussed, particularly with regard to 
public transport. Reforms needed to achieve sustainable urban mobility on 
multiple fronts—environmentally but also socially and economically—are 
also reviewed. The paper then shifts to a particularly important transport-
infrastructure challenge: investment in BRT systems that not only enhance 
mobility but also promote more effi cient, sustainable, and socially just 
urban forms. Experiences in three global cities are reviewed in this regard. 
The paper closes with commentary on the institutional challenges and so-
cial equity considerations of advancing the sustainable mobility agenda.

6.2 URBANIZATION AND MOTORIZATION

Since the mid-half of the last century, rapid urbanization has been accompa-
nied by urban sprawl. Spread-out patterns of growth carry high costs. It not 
only increase automobile dependence but also consume farmland and open 
space, threaten estuaries and natural habitats, and burden municipal treasur-
ies with the high costs of expanding urban infrastructure and services.

From 1995 to 2005, 85 percent of the 78 largest cities in the developed 
world experienced a faster growth in their suburban belts than their urban 
cores (UN Habitat, 2011). In Bangkok and Jakarta, 53 and 77 percent of 
urban growth by 2025, respectively, is expected to be in peri-urban regions 
(Angel, 2011). In Greater Cairo and Mexico City, sprawl is fueled mostly by 
informal housing settlements while on the outskirts of Mumbai and Delhi 
new towns and employment sub-centers have been the largest consumers of 
once exurban land. Sprawl in China is partly induced by local government 
policy wherein municipalities buy agriculture land at low prices, add infra-
structure and services, and then lease to developers at much higher prices—
effectively practicing value capture as a revenue generating tool.

Urbanization has both encouraged and been shaped by the growth in 
motorized movements in cities. The global count of motorized vehicles 
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has been increasing at unprecedented rates. In 2010, there were nearly 1.2 
billion passenger vehicles worldwide (UN Habitat, 2011; Wright and Ful-
ton, 2005). Based on data from fi ve years earlier, nearly half of all urban 
trips were by private motorized modes, a fi gure that continues to climb 
(Pourbaix, 2011). A key factor contributing to rising motorization in both 
developed and developing countries is the availability of fairly cheap oil, 
which has literally and fi guratively fueled low-density development. In 
China, urban growth is occurring as far as 150km to 300km from the core 
of cities. A recent study of Shanghai residents who were relocated from 
the compact, mixed-use, highly walkable urban core to isolated residen-
tial towers on the periphery found dramatic shifts from non-motorized to 
motorized modes, accompanied by substantial increases in travel duration 
and vehiclekilometers- traveled (VKT) (Cervero and Day, 2008). Eco-
nomic growth and rising incomes have also triggered motorization. From 
2002 to 2007, China’s per capita incomes almost doubled and car owner-
ship nearly tripled. Societal values also play a role given that for many 
who join the ranks of the middle class in rapidly emerging economies, 
owning a car is a rite of passage.

Rapid motorization unavoidably shifts future travel from the most sus-
tainable modes—public transport and non-motorized ones (walking and 
cycling)—to private vehicles. Daily trips in urban areas by private cars 
are projected to jump from 3.5 billion in 2005 to 6.2 billion in 2025, an 
80 percent rise (Pourbaix, 2011). Much of this growth will be in develop-
ing countries. If past trends continue, petroleum consumption and green-
house gas emissions are projected to increase by 30 percent, matched by a 
similar growth in traffi c fatalities. While they provide tremendous mobil-
ity benefi ts to those who cannot afford a car, motorcycles, which are the 
dominant mode of transport in many Asian countries, come at a high cost. 
Besides congesting city streets, they can be exceedingly loud, contribute 
to traffi c accidents, and when powered by two-stroke engines, spew dirty 
tailpipe emissions. A poorly tuned two-stroke engine, for example, can 
emit 10 times as many hydro-carbons and particulate matter as a four-
stroke engine or private car (Badami, 1998; World Bank, 2002).

Motorization is also marked by environmental justice concerns given 
the growing international trade of old second-hand vehicles from high-
income to low-income countries. Over 80 percent of the vehicle stock in 
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Peru was originally imported as used vehicles from the United States or Ja-
pan (Davis and Kahn, 2011). In many African countries, import liberalization 
policies from the 1990s made it easier and cheaper for households to buy 
second-hand vehicles shipped across the Mediterranean Sea from Europe.

6.3 MOBILITY AND MODALITY

Challenges faced by the two most resourceful forms of mobility—public 
transport and nonmotorized transport—are reviewed in this section. Be-
ing pro-transit, pro-walking, and procycling means not only enhancing 
the service quality of these options but also removing the many built-in 
subsidies and incentives that promote auto-mobility.

6.3.1 PUBLIC TRANSPORT

In 2005, 16 percent of the roughly 7.5 billion trips made in urban areas 
worldwide were by some form of public transport (i.e., formal, institution-
ally recognized services, such as local buses and rail transit) (Pourbaix, 
2011). Public transport’s mobility role varies widely, accounting for 45 
percent of urban trips in Eastern Europe and Asia, 10 to 20 percent in 
much of Western Europe and Latin America, and less than 5 percent in 
North America and Sub-Saharan Africa (where informal services domi-
nate the mass transit sector) (UITP, 2006).

In cities of the developing world, the mobility role of public transport 
also varies markedly, particularly among African cities. Only a handful of 
Sub-Saharan Africa cities, such as Addis Ababa, Abidjan, and Ouagadou-
gou, have reasonably well-developed, institutionalized forms of local bus 
services that are of a high enough quality to capture 25 to 35 percent of mo-
torized trips. In most other parts of Sub-Saharan Africa, private paratransit 
and informal operators dominate, with local buses serving but a small frac-
tion of trips, if any. In Sub-Saharan Africa as well as poorer parts of South 
and Southeast Asia, government-sponsored transit is either inadequate or 
non-existent, mainly because governments are too cash-strapped and under-
staffed to mount and sustain effective and reliable mass transit services.
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In Southeast Asia, conventional 50-passenger buses are the workhorse 
of the public transport networks of most cities. In Bangkok, 50 percent of 
passenger trips are by bus, rising to 75 percent during peak hours. In East 
Asia, buses serve slightly larger shares of mechanized trips than metrorail 
in Taipei (14.4 versus 12.9 percent) and Shanghai (12.9 percent versus 5.7 
percent) whereas metrorail is more dominant in Hong Kong (35.5 per-
cent of mechanized trips), Seoul (34.8 percent), and greater Tokyo (57 
percent). Buses similarly predominate throughout Latin America, even in 
rail-served cities like São Paulo, Santiago, and Buenos Aires. When buses 
operate on exclusive dedicated lanes, they tend to gain even more popu-
larity by mimicking the speed advantages of metros, however, usually at 
a fraction of the construction cost. As discussed later, the most extensive 
Bus Rapid Transit (BRT) networks are today found in Latin America.

In many parts of Asia, Africa, and Latin America, the informal trans-
port sector serves the mobility needs of most people. The lack of afford-
able and accessible public transport systems in developing countries has 
led to the proliferation of informal operators, such as private microbus and 
minibus services. These modes help fi ll service gaps but can also worsen 
traffi c congestion and air quality. In some settings, informal carriers are 
the only forms of mass transport available. In India, for example, only 
about 100 of the more than 5,000 cities and towns have formal public 
transport. Everything from hand-pushed rickshaws to private minibuses 
have stepped in to fi ll the gap.

6.3.2 NON-MOTORIZED TRANSPORT

Walking and bicycling are the healthiest, least intrusive, and most afford-
able forms of movement. In 2005, 37 percent of urban trips worldwide 
were made by foot or bicycle, the two predominant forms of non-motor-
ized transport (NMT). In African cities, 30 to 35 percent of all trips are 
by walking but in some cities, like Dakar and Douala, the share is much 
higher, over 60 percent (Montgomery and Roberts, 2008). In general, the 
poorer and smaller the city, the more important NMT becomes, capturing 
as many as 90 percent of total person trips. In densely packed urban cores, 
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NMT provides access to places that motorized modes cannot reach and are 
often the fastest means of getting around. Among South Asia’s densest, 
most congested cities, more than half of all passenger and goods trips are 
by foot, bicycles, and rickshaw.

Walking is often the only form of transport for the very poor. Many 
people from the developing world are “captive walkers”, meaning that 
they cannot afford an alternative. For them, having a well-connected and 
safe pedestrian environment is critical to meeting their daily needs. As 
the least expensive form of mobility, walking allows the very poor to al-
locate income for other purposes, thus helping to reduce poverty. It also 
promotes physical fi tness, provides feeder access to bus and rail stops, and 
enhances security by providing “eyes on the street”.

Cycling’s mobility role contrasts sharply among the world cities. In gen-
eral, the lower the per capita income, the bigger the mobility role played 
by bicycles however when high-quality cycling infrastructure is provided, 
bicycles can be a prevalent mode in even well-to-do cities. Today, bicycles 
are used for more than 40 percent of trips in some Dutch and Danish cities. 
Historically bicycles have also played a prominent mobility role in Chinese 
cities but today their use is in rapid decline, partly due to motorization but 
also government policies. In Beijing, for example, it is still illegal to park 
bicycles in front of many modern offi ce buildings yet cars can be parked 
nearby. Bicycle lanes have been taken away in cities like Guangzhou and 
Shenzhen to make way for motorists. Shanghai and Nanjing offi cials re-
cently announced the goal of cutting bicycle trips in half.

In some of the poorest cities of the world, bicycles serve as “mass 
transport”, in the form of rickshaws. Cycle rickshaws are found all over 
Bangladesh, India, Pakistan, and Sri Lanka. They are particularly impor-
tant modes for women and children. In Dhaka, around 40 percent of school 
trips are by rickshaw (Jain, 2011). Rickshaw pulling is often the fi rst job 
for many rural migrants in cities of South Asia. In Dhaka, 20 percent of 
the population, or 2.5 million people, rely on rickshaw pulling for their 
livelihood, directly or indirectly (Jain, 2011). Still, the vehicles are being 
banned for slowing motorized traffi c and a belief that they detract from the 
city’s image as a modern metropolis.
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6.4 IMMOBILITY: TRAFFIC CONGESTION

Traffic congestion is an unwanted by-product of widespread, or what some 
might call “excess”, mobility in cities around the world. A recent study in 
20 cities across six continents revealed that traffic congestion levels mark-
edly worsened during the 2007-2010 period (IBM, 2010). Moscow motor-
ists reported the worst commute, with an average daily delay of two and 
a half hours. With a 24 percent annual growth rate in registered vehicles, 
traffic conditions are deteriorating most rapidly in Beijing according to 95 
percent of surveyed residents.

Congestion has widespread impacts on urban quality of life, consump-
tion of fossil fuels, air pollution and economic growth and prosperity. 
World Bank (1994) studies from the 1990s estimated that traffi c conges-
tion lowered GDP of cities in the range of 3 to 6 percent, with the higher 
value applying mostly to rapidly growing cities (e.g., places with busy 
port traffi c, reliance on just-in-time inventorying and manufacturing, and 
other time-sensitive activities). Time losses from traffi c congestion are es-
timated to comprise 2 percent of GDP in Europe and 2 to 5 percent in Asia. 
The hidden external costs of traffi c congestion in Metro Manila, Dakar, 
and Abidjan have been pegged at nearly 5 percent of those cities’ GDPs 
(Chin, 2011). Such costs not only exact a burden on the present generation 
but also commit future generations to long-term debts, which can eventu-
ally slow global growth.

Limited road capacity in the face of growing demand for motorized 
mobility partly explains deteriorating traffi c conditions. The nature of 
the problem, however, varies markedly across the globe. Less than 10 
percent of land area is devoted to roads in many developing country 
cities (e.g., Kolkata, Jakarta, Nairobi) (Vasconcellos,1999). This con-
trasts with 15 to 20 percent in many rapidly emerging economies (e.g., 
Seoul, São Paulo), 20 to 25 percent in much of continental Europe (e.g., 
London, Paris), and 35 percent or more in America’s largest automobile-
oriented cities (e.g., Houston, Atlanta) (Vasconcellos, 2001). In India, 
the annual growth rate in traffi c during the 1990s was around 5 percent in 
Mumbai, 7 percent in Chennai, and 10 percent in Delhi. However none 
of these cities have expanded their road supply by even one percent an-
nually (Pucher et al., 2005).
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In the developing world, buses are most vulnerable to the speed-
eroding effects of traffi c congestion. Because many are long, lumbering 
vehicles with slow acceleration and deceleration, restricted turning radii, 
and limited maneuverability to switch lanes, buses move the slowest in 
highly congested conditions. Average peak-period bus speeds in Bang-
kok are 11 km/hr, for example, compared to 20 km/hr in Curitiba, Brazil, 
one of the fi rst cities to provide exclusive bus-lanes (Cervero, 2000). 
Stop-and-go traffi c causes buses to over-heat and break down. Unreli-
able services in turn chase away choice consumers who have the option 
of driving a car instead.

6.5 TOWARD SUSTAINABLE TRANSPORT

It is increasingly recognized that sustainability in the urban transportation 
realm must be pursued and achieved on multiple fronts—environmentally, 
socially, and economically. This section addresses these challenges.

6.5.1 ENVIRONMENTAL SUSTAINABILITY

The urban transport sector’s ecological footprint is enormous and expand-
ing. Many environmental problems in the urban transport sector are rooted 
in its reliance on petroleum, the automotive fuel source of choice, to pro-
pel motor vehicles, increasingly ones that are privately owned and used. 
The share of the world’s oil consumption accounted for by transportation 
rose from 45.2 percent in 1973 to 61.7 percent in 2009, and the sector is 
expected to continue to drive the growth in oil demand (IEA, 2011). World 
reserves of conventional oil exceed what has been used to date, but with 
rapid motorization and thus increasing demands for oil, many observe be-
lieve it is unlikely that this energy source will last beyond the mid-century 
mark. Rising GHG emissions and global temperatures as well as levels of 
photochemical smog and particulates in urban air basins further under-
score the urgency of weaning the sector from its dependency on oil and 
more generally auto-mobility. A combination of technological advances, 
demand management, and externality-based pricing will be critical in 
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charting an environmentally sustainable future in the urban transport sec-
tor. On the technological front, clean-fuel vehicles and information sys-
tems that enable innovations like dynamic ridesharing and carsharing, will 
have pivotal roles to play. Reducing the demand for indiscriminant auto-
mobility, such as by designing compact, mixed-use cities that shorten trips 
and encourage NMT, will also be important. Setting price signals so that 
polluters and those driving in rush hours internalize costs are similarly part 
of the environmental sustainability equation.

Environmental sustainability will depend on good economics (e.g., 
congestion pricing) but also the presence of the other two pillars of sus-
tainability—institutional capacities and social equality. Setting maximum 
air and noise pollution standards will be useless unless there is the political 
will and regulatory resources in place to enforce them. Nor will the prema-
ture introduction of costly low-carbon fuel alternatives aid the poor if bus 
fares increase as a consequence.

6.5.2 SOCIAL SUSTAINABILITY

Urban transport is socially sustainable when mobility benefits are equally 
and fairly distributed, with few if any inequalities in access to transport 
infrastructure and services based on income, social, and physical differ-
ences (including gender, ethnicity, age, or disabilities). Social sustain-
ability is rooted in the principle of accessibility wherein equality exists 
among groups in  accessing opportunities for employment, housing, retail 
markets, and other essential urban services. It recognizes mobility and ac-
cessibility as human rights, not privileges. Cities that ensure accessibility 
for all are socially inclusive and ones that do not are socially exclusive.

One important aspect of accessibility is the affordability of transport 
modes. By affordability is meant the fi nancial capacity to pay for the abil-
ity to reach destinations for everyday needs, such as work, education, and 
shopping, without undue economic hardships. For many urban dwellers in 
developing countries, the availability of reliable and affordable bus and rail 
services can be the difference between being integrated into the economic 
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and social life of a city or not. The share of marginalized city-dwellers with 
poor access to essential facilities and services, including public transport 
but also clean water and sanitation, is increasing worldwide. In the poor 
informal housing settlements on the outskirts of Mexico City, beyond the 
service jurisdiction of the city’s 201-km metro, residents sometimes must 
take 2 to 3 separate collectivos (shared-ride taxis and microbuses) to reach 
a metro terminal which provides low-cost connections to the core city and 
job opportunities (Cervero, 1998). Travel can consume 25 percent or more 
of daily wages. Time costs can also be exorbitant: 20 percent of workers 
in Mexico City spend more than 3 hours traveling to and from work each 
day. Studies show that taking a series of informal minibuses and motor-
ized tricycles to and from work can cost 20 to 25 percent of daily wages 
in rapidly growing cities like Delhi, Buenos Aires, and Manila and as high 
as 30 percent in Nairobi, Pretoria and Dar Es Salaam (Vasconcellos, 2001; 
Kaltheier, 2002; Ferrarazzo and Arauz, 2000; Carruthers, et al., 2000).

6.5.3 ECONOMIC SUSTAINABILITY

The urban transport sector is economically sustainable when resources 
are efficiently used and distributed to maximize the benefits and mini-
mize the external costs of mobility, and investments in and maintenance 
of transport infrastructure and assets can be sustained. The translation of 
investments in walkways, bikeways, transitways, and roadways into jobs, 
business expansion, and increased economic output means that the urban 
transport sector is on an economically sustainable pathway. Increasingly, 
the litmus test of cost-effective transport infrastructure is whether the proj-
ect is “bankable”—capable of attracting loans and private investors. Ur-
ban transport infrastructure is expensive. It can consume a large share of 
the public largesse in emerging economies. In Ho Chi Minh City, a US$5 
billion subway is currently under construction and in Jakarta a new ring 
road is expected to cost about the same amount. Crafting reliable and eq-
uitable funding programs for transport infrastructure that reward efficient 
and sustainable behavior remains a formidable challenge.
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FIGURE 3: Scatterplot of Riders per BRT Kilometer and Population Density Among 105 
BRT Cities. Sources: BRTDATA.ORG and UN Habitat (2012).

6.6 SUSTAINABLE MOBILITY AND URBANISM

Coordinating and integrating urban transport and land development is im-
perative to creating sustainable urban futures. Successfully linking the two 
is a signature feature of “smart growth”.

This section probes the challenges of linking transport-infrastructure 
investments and urban development in what is an increasingly important 
mobility platform: Bus Rapid Transit (BRT). BRT systems have gained pop-
ularity worldwide because they are a cost- effective alternative to far more 
expensive urban rail investments. High- quality bus- based systems also bet-
ter serve the low- density settlement patterns of many suburban markets and 
small- to-medium size cities due to the inherent fl exibility advantages of 
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rubber- tire systems—the same vehicle that provides speedy line- haul ser-
vices on a dedicated bus lane or busway can morph into a feeder vehicle, 
collecting and distributing customers on local streets. To date, more than 
150 cities have implemented some form of BRT system worldwide, carrying 
around estimated 28 million passengers each weekday (BRTDATA.ORG).

6.6.1 BUS RAPID TRANSIT AND URBAN DEVELOPMENT

New kilometers of BRT lines are today being added at a rapid-fire pace, 
gaining particular favor in the developing world, following on the heels of 
widely publicized BRT successes in Curitiba, Bogotá, Mexico City, Istan-
bul, Ahmedabad, and Guangzhou. These developing cities show that high-
performance BRT systems that yield appreciable mobility and environmen-
tal benefits can be built at an affordable price. Metrorail systems, studies 
show, can cost 10 times as much a BRT system of similar length (Suzuki et 
al., 2013). Light Rail Transit (LRT) can be more than four times as expen-
sive. Besides cost-savings, highly congested mega-cities of the world, like 
Jakarta, Delhi, Sao Paulo, and Lagos have been drawn to BRT because high-
capacity transit can be built and expanded quickly during periods of rapid 
motorization and ever-worsening traffic congestion. The ability to open seg-
ments before an entire system is in place is particularly attractive to politi-
cians and taxpayers who want quick results. Politicians are also drawn to 
the economic development potential of BRT. In its Liveanomics series, the 
Economist Intelligence Unit (2011) found that 61 percent of surveyed may-
ors reported that “improving public transport/roads” was the most important 
thing that could done to make their city more competitive for business on the 
global stage. This was nearly twice the share that felt investing in schooling 
and education was the key to being economically competitive.

BRT will no doubt play an increasingly prominent role in the global 
campaign to achieve more sustainable urban and mobility futures. This 
is partly because the bulk of future population growth will be in interme-
diate-size cities, the very places where BRT is often more cost-effective 
than its pricier alternative, metrorail transit (UN Habitat, 2011). Future 
growth of not only population but also economic outputs is also projected 
for intermediate-size cities (Glaeser and Joshi-Ghani, 2012).
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FIGURE 4: Footprints of new developments in Station Area and Control Area for an 
Intermediate Station, 1998 to 2011. Source: Suzuki, Cervero, and Iuchi, 2013.

FIGURE 5: Footprints of new developments in Station Area and Control Area for an End-
ofthe-Line Station, 1998 to 2011. Source: Suzuki, Cervero, and Iuchi, 2013.
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Figure 1 rank-orders countries or regions based on the number of cities 
with BRT systems as of mid-2013. The vast majority of these systems have 
been built in the last 15 years. Brazil has emerged as the global leader in 
building BRT systems, extending the success of Curitiba’s pioneering sys-
tem to 30 other cities. Other Latin American countries, notably Colombia 
and Mexico but also Chile, Peru, and Ecuador, have since followed Brazil’s 
lead. Latin America is today the epicenter of the global BRT movement. A 
third of BRT route kilometers and nearly two thirds (63%) of ridership are 
in Latin America (BRTDATA.ORG, 2013). Among 38 Latin American BRT 
cities with reliable data from BRTDATA.ORG, average weekday ridership 
is more 10 times greater than averages for BRT cities of the U.S. and Eu-
rope. Latin American BRT systems are also considerably more productive 
than systems elsewhere. Figure 2 shows that they averaged more than 2 
½ times as many weekday riders per BRT kilometer as Asian It is widely 
accepted that for public transit systems to be successful, they must be ac-
companied by high densities (Pushkarev and Zupan, 1977; Cervero, 1998; 
Newman and Kenworthy, 1999). Mass transit, as the saying goes, needs 
“mass”. For 105 BRT cities for which reliable data could be obtained, Fig-
ure 3 suggests a moderately positive relationship between BRT ridership 
and urban density. The presence of outliers weakens the simple correlation 
(.225) and as the scatterplot reveals, the number of riders per BRT kilometer 
tends to vary more as urban densities increase. Regardless, the positive as-
sociation between urban densities and ridership productivity argues in favor 
of BRTOD—Bus Rapid Transit-Oriented Development.

The challenges of leveraging TOD with BRT investment is probed in 
the next three subsections. The struggles faced by two of the world’s most 
extensive and highly regarded BRT cities—Bogotá and Ahmedabad—are 
contrasted with what remains the world’s best-case example of BRT-land-
use integration—Curitiba, Brazil.

6.6.2 THE CHALLENGES OF LEVERAGING TOD IN BOGOTÁ

Bogotá, the capital of Colombia and home to 7.6 million inhabitants, has 
gained a reputation as one of the world’s most progressive cities, under-
scored by the 2000 opening of what has been called the gold standard 
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of BRT, the 110-km TransMilenio system. Delegations of officials and 
dignitaries from around the world visit Bogotá to marvel at the system. 
Operating on a two-lane dedicated carriageway, TransMilenio carries 
upwards of 40,000 passengers per hour per direction, which matches the 
passenger-throughputs of most metros. The system also boasts enhanced 
stations (accessible by networks of skyways), smart card-based fare col-
lection, advanced control systems, distinctive images, and affordable 
fares. TransMilenio’s patronage is growing at a healthy pace of around 
10 percent annually, from 800,000 daily riders when it opened in 2001 to 
around 1.7 million today, accounting for 74 percent of public transit trips 
in the city. Finance policy has played a role in TransMilenio’s success. In 
2000, a 20 percent surcharge was tacked onto all gasoline sales in Bogotá, 
with half the revenues earmarked for TransMilenio infrastructure. As a 
cross-subsidy from the 19 percent of Bogotá’s population that owned cars 
to transit-dependents, the policy promoted social as well as environmental 
sustainability.

While Bogotá’s TransMilenio is a substantial, widely celebrated BRT 
investment, able to carry some 45,000 passengers per direction per hour, 
reshaping urban form and land-use patterns was not a primary objective in 
its design. Building the system quickly and enhancing affordable transport 
for the poor was. Placement of BRT lines in mostly economically stagnant 
zones that were largely built out has suppressed land development. So has 
the siting of BRT stations in busy roadway medians, which limits joint 
development opportunities and creates unattractive pedestrian environs 
around stations. Minimal pro-active station-area planning and a dearth of 
incentives for private property-owners to redevelop parcels have also tem-
pered TOD activities.

Since TransMilenio’s 2000 opening, Bogotá’s population has grown by 
21 percent. Building densities have increased throughout the city, but mostly 
in areas away from TransMilenio corridors. The initial TransMilenio lines 
were built quickly in response to worsening traffi c congestion but also to 
build political momentum and curry political favor for future expansions. 
Aligning corridors in mostly economically stagnant zones that were largely 
built out has suppressed land development. So has the siting BRT in busy 
roadway medians, which limited land supplies for leveraging TOD and re-
sulted in mostly unattractive pedestrian environment immediate to stations. 
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Minimal pro-active station area planning or incentives for private property-
owners to redevelop parcels also tempered TOD activities. 

Cadastral data obtained from the city of Bogotá reveals the degree to 
which urban growth turned its back on TransMilineo. Between 2004 and 
2010, the mean fl oor-area ratio (FAR) of residential and commercial de-
velopment increased by 7 percent throughout the city of Bogotá versus 
5 percent within 1000 meters of stations along the initial 42-kilometer 
system (Suzuki, Cervero, and Iuchi, 2013). In fact, more densifi cation oc-
curred along surface bus routes that feed into suburban TransMilineo sta-
tions than around BRT stops. Matched pair comparisons of changes in 
building footprints between 1998 and 2011 for 1-km radii around BRT 
stations and otherwise similar control areas further revealed weak effects 
on urban growth. For all but endof- line stations, more new construction 
occurred beyond than within 1000 meters of stations.

Figure 4 shows one paired comparison for an intermediate station on a 
Phase II line toward the southwest of the city, near the low-income neigh-
borhood of Kennedy. Far less new development occurred within 1000 me-
ters of the BRT station than the control area off the line. For terminal sta-
tions, however, there tended to be relatively more new building activities 
than in control areas, as revealed by one of the matched-pair comparisons 
shown in Figure 5, for the Americas terminal station. Other researchers 
have similarly found more land-use densifi cation near TransMilenio’s ter-
minal stations than control areas (Bocharejo, Portilla, and Perez, 2013). 
This higher degree of station-area activities was largely due to the com-
mercial opportunities at terminals, representing busy transfer points be-
tween feeder buses and trunkline BRT services.

Findings from Bogotá square with earlier assessments of transit in-
vestments and urban development (Knight and Trygg, 1977; Cervero and 
Seskin, 1995; Cervero and Landis, 1997), namely that transit cannot over-
come weak local real estate markets. Station siting also matters. Placing 
stops in the medians of active roadways inevitably means a poor-quality 
pedestrianaccess environment and thus little commercial development 
near the stations themselves. TransMilenio’s design gave little weight to 
the pedestrian experience. The visually prominent skywalks that connect 
to BRT stops create lengthy, circuitous walks, can be noisy (resonating 
like steel drums during peak traffi c conditions, by some accounts), and are 
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diffi cult for the elderly, disabled, and semi-ambulatory individuals to ne-
gotiate. Bogotá’s experiences further show that planning matters. Neither 
the city nor neighborhood districts (where detailed land use planning is 
regulated and implemented) prepared station-area plans to orchestrate pri-
vate development, change zoning (including increasing permissible densi-
ties), introduce complementary improvements (like streetscape enhance-
ments) to entice private investments, or take any other pro-active steps to 
leverage new development.

The one area for which local leaders win kudos has been the bundling 
of transit investments and the provision of affordable social housing for the 
poor. In 1999, at the time Bogotá’s successful Transmilenio BRT system 
was being built, an innovative land-banking/poverty-alleviation program, 
called Metrovivienda, was launched (Cervero, 2005). Under Metrovivi-
enda, transportation and housing are treated as bundled goods. The city 
acquires plots when they are in open agricultural uses at relatively cheap 
prices and proceeds to plat and title the land and provide public utilities, 
roads and open space. Property is sold to developers at higher prices to 
help cover infrastructure costs with the proviso that average prices be kept 
under US$8,500 per unit and are affordable to families with incomes of 
US$200 per month.

To date, four Metrovivienda sites have been created near one of Trans-
milenio’s terminuses, each between 100 and 120 hectares in size and 
housing some 8,000 families. At build out, the program aims to construct 
440,000 new housing units. Putting housing near stations helps the city’s 
poor by “killing two birds with one stone”—i.e., providing improved 
housing and public transport services. Those moving from peripheral il-
legal settlements into transit-served Metrovivienda projects enjoy both 
“sites and serviced” housing and material improvements in access to ma-
jor economic centers in the city. It is estimated that job-accessibility levels 
via transit within one-hour travel times increased by a factor of three for 
those moving from illegal housing to legal Metrovivienda projects (Cer-
vero, 2005).

An important aspect of the program is the acquisition of land well in 
advance of BRT services. Because Metrovivienda offi cials serve on the 
Board of Transmilenio, they are aware of strategic plans and timelines 
for extending BRT. This has enabled the organization to acquire land be-
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fore prices are infl ated by the arrival of Transmilenio. Acquiring land in 
advance has enabled Metrovivienda to keep prices affordable for house-
holds relocated from peripheral “clandestine” housing projects. Transmi-
lenio also makes commuting more affordable. When living in the hillsides, 
most residents used two different public transit services (a feeder and a 
mainline), paying on average US$1.40 a day to leave and return home 
(Cervero, 2005). With Transmilenio, feeder buses are free, resulting in an 
average of US$0.80 in daily travel costs. Metrovivienda serves as a model 
of multi-sectoral and accessibility-based planning in a developing country. 
By coupling affordable housing with affordable transport, Bogotá leaders 
have improved access to jobs, shops, and services while reducing the joint 
costs of what often consumes two-thirds of the poor’s income: housing 
and transport. Whether Metrovivienda makes a serious dent in the city’s 
housing shortages and traffi c woes remains to be seen, however most ob-
servers agree that it is a signifi cant and positive step forward.

6.6.3 THE CHALLENGES OF LEVERAGE TOD IN AHMEDABAD

In the 2009, Ahmedabad opened India’s first and what today remains the 
country’s largest BRT network. Called Janmarg (“People’s Way), the cur-
rent 45 km system was built to relieve mounting traffic congestion in In-
dia’s fifth largest city. With some 5.5 million inhabitants, Ahmedabad is 
today one of the world’s fastest growing cities (Forbes, 2010). The ingredi-
ents are thus there for BRT to shape future urban growth: rapid growth and 
motorization coupled with worsening traffic congestion. To date, however, 
few notable changes have occurred near Janmarg stations.

As in Bogotá, Janmarg was envisaged and design as a mobility invest-
ment, not a city-shaping one. Janmarg lines were and are being selected to 
serve the city’s fastest growing areas, more so than in the case of Bogotá, 
however little attention has been given to the physical integration of BRT 
stops with surrounding neighborhoods or increasing the share of future 
populations and workers near BRT. Janmarg, slated to span some 220 ki-
lometers at build-out, which would make it one of the most extensive BRT 
systems anywhere, was designed mainly to keep costs low. Little thought 
was given to urban development possibilities. So far, no land-use or TOD 
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plans have been prepared for any Janmarg stations. What land develop-
ment is occurring has been left solely to private market forces.

So far, Ahmedabad offi cials have opted to maintain uniform densities 
throughout the city, regardless of how close parcels might be to transit cor-
ridors. This has been done to disperse trips and thus decongest the city. It 
has also been done for socio-cultural reasons, namely to avoid creating a 
privileged class of land owners whose new-found wealth is create through 
government fi at. However keeping densities uniform also shifts growth to 
the periphery, in a more autooriented confi guration. In the near term, the 
city may experience less traffi c congestion due to density caps however 
over the long term, the resulting auto-oriented urban form could backfi re, 
creating more traffi c congestion and air pollution for the region as a whole.

Several design shortcomings also need to be overcome if Ahmedabad 
is to spawn TOD. Janmarg was and is being designed as a closed system, 
requiring users to access stations sited in the medians of roadways by foot, 
bicycle, car, two-wheeler, three-wheelers, or surface-street buses. Little 
attention, however, has been given to perpendicular connectors to BRT 
stops. No secondary feeder systems provide safe and effi cient pedestrian, 
bikeway, and transit connections to mainline services. While a substan-
tial network of cycletracks was built in conjunction Janmarg, for the most 
part bike-paths run parallel rather than perpendicular to the busway, thus 
functioning more as competitive than complementary systems. Moreover, 
there is no bicycle parking at stations. What few pedestrian-ways exist 
near Janmarg stops are often occupied by motorcycles and fast-moving 
three-wheel vehicles.

6.6.4 BRT AND URBANISM IN CURITIBA

A counterpoint to failures in coordinating BRT and urban development is 
the well-chronicled experiences of Curitiba, Brazil. Guided by a cogent 
long-term vision of the future city, the municipal government mandated 
that all medium- and large-scale urban development be sited along a BRT 
corridor. Orchestrating regional growth has been the Institute for Research 
and Urban Planning (IPPUC), an independent entity charged with ensur-
ing integration of all elements of urban growth.
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A design element used to enhance transit accessibility in Curitiba is the 
“trinary”—three parallel roadways with compatible land uses and building 
heights that taper with distance from the BRT corridor. The fi rst two fl oors 
of the busway, which do not count against permissible plot ratios (building 
height/land area), are slated for retail uses. Above the second fl oor, build-
ings must be set back at least fi ve meters from the property line, to allow 
sun to cast on the transitway. The inclusion of upper-level housing entitles 
property owners to density bonuses, which has led to vertical mixing of 
uses within buildings. An important benefi t of mixed land uses and transit 
service levels along these corridors, in addition to extraordinarily high rid-
ership rates, has been balanced bidirectional fl ows, ensuring effi cient use 
of bus capacity. The higher densities produced by the trinary design have 
translated directly into higher ridership. Concentrated commercial devel-
opment has also channeled trips from residences beyond BRT terminuses 
to the trinary corridors. In 2009, for example, 78.4 percent of trips board-
ing at the terminus of Curitiba’s north-south trinary corridor were destined 
to a bus stop on the same corridor (Duarte and Ultramari 2012). Today, 
Curitiba’s share of motorized trips by transit (45 percent) is the highest in 
Latin America (Santos, 2011). High transit use has appreciably shrunk the 
city’s environmental footprint. Curitiba’s annual congestion cost per capi-
ta of $0.67 (in US$2008) is a fraction of São Paulo’s (Suzuki et al., 2010). 
The city also boasts the cleanest air of any Brazilian city with more than 1 
million inhabitants, despite having a sizable industrial sector. The strong, 
workable nexus that exists between Curitiba’s bus-based transit system 
and its mixed-use linear settlement pattern deserves most of the credit.

Sustained political commitment has been pivotal to Curitiba’s success. 
The harmonization of transit and land use took place over 40 years of po-
litical continuity, marked by a progression of forward-looking, like-mind-
ed mayors who built on the work of their predecessors. A wellarticulated 
long-term vision and the presence of a politically insulated regional plan-
ning organization, the IPUCC, to implement the vision have been crucial 
in allowing the city to chart a sustainable urban pathway.

One area where Curitiba’s BRT investment has fallen short is the pro-
vision of housing for the poor. Most social housing built in the last 40 
years for Curitiba’s poor has been far from main transit axes and transport 
corridors (Duarte and Ultramari, 2012). The availability of cheaper land 
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and laxer environmental regulations on fl oodplain development prompted 
Curitiba’s authorities to put the most disadvantaged households in the least 
transit-accessible locations.

6.7 CLOSE

The best ideas for advancing sustainable urbanism and mobility will go 
nowhere unless there is the political will and institutional capacity to em-
brace and move forward with them. The ability to manage and respond to 
escalating demands for urban travel is often limited in developing cities. 
Institutional shortcomings—such as an insufficiently trained and educated 
civil-service talent pool or absence of a transparent and corruption-free 
procurement process for providing transport infrastructure—abound. Lim-
ited experience with urban management, budgeting and accounting, urban 
planning, finance, and project supervision have thwarted Indonesia’s de-
centralization of infrastructure programs from the central to local govern-
ments over the past decade.

Sustainable mobility futures will depend upon a re-ordering of priorities, 
a paradigm shift if you will, that promotes inherently resourceful forms of 
mobility, frames investments in more holistic (and less mobility-focused) 
terms, and importantly seizes opportunities to integrate transport infra-
structure and urban development when and where they avail themselves. 
As more and more growth shifts to cities of the Global South, opportuni-
ties for linking land development and transport infrastructure should not be 
squandered. Given that a large share of future urban growth is projected for 
small-to-medium size cities, bus-based forms of smaller scale transitorient-
ed development interlaced by high-quality infrastructure for pedestrians and 
cyclists holds promise in many global settings. Many developing cities have 
the kinds of pre-requisites needed if BRT investments are to trigger mean-
ingful land-use changes, including rapid growth, rising real incomes, and in-
creased motorization and congestion levels. This, of course, assumes there is 
supportive planning and zoning, public-sector leveraging and risk-sharing, a 
commitment to travel demand management to remove many built-in incen-
tives to car use, and the capacity to manage the land-use shifts that are put 
into motion by transportation infrastructure investments.
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While integrated transport and land development can relieve conges-
tion, cleanse the air, and conserve energy, its potential to reduce what re-
mains the gravest problem facing the Global South—extreme and persis-
tent poverty—is every bit if not more important. All that is done in the 
developing world must pass the litmus test of helping to alleviate poverty. 
Designing cities and transport systems to enhance accessibility and af-
fordability is pro-poor. So are initiatives that strengthen non-motorized 
and public transport, keep fares affordable, and protect vulnerable popula-
tions from the hazards of motorized travel. Mass transit needs to be pro-
poor across the board. In many developing countries, this means investing 
in busways over metros to keep fares affordable and targeting affordable 
housing to transit-served corridors. In Brazil, transit is kept affordable via 
national legislation, called Vale Transport, that requires employers to pro-
vide bus passes for commuting expenses that exceed 6 percent of workers’ 
earnings. In Cairo and Bogotá, tens of thousands of low-income house-
holds have been relocated to more transitaccessible sites.

Being pro-poor also means designing high-quality and safe walking 
and cycling environments. Mixed land-use patterns and walking/cycling 
friendly environments allow the very poor to allocate income for other 
urgent purposes and thus helps reduce poverty. In the very poorest cities, 
small interventions—e.g. siting basic services such as schools, health cen-
tres, markets, and water standpipes to reduce travel distances—can make a 
big difference in the amount of time and energy devoted to transport. The 
time freed up allows women to achieve gainful employment  and children 
to attend schools. What are cardinal features of integrated and sustainable 
transport and urbanism everywhere -- accessible urban activities and safe, 
attractive walking and cycling environs—are particularly vital to the wel-
fare of the neediest members of the world’s poorest countries.
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CHAPTER 7

7.1 INTRODUCTION

Rapid development of wireless communication and mobile computing 
technologies call new research that explores the responses of urban sys-
tems to the flow of instant information. Thus, the analysis of spatial sig-
nals becomes an increasingly important research theme.

The required four steps to model trips consist of calculating trip gen-
eration, trip distribution, modal split and route assignments. The sources to 
inform these steps traditionally have come from travel diaries and census 
data [1]. However, the presence of new information and communication 
technologies (ICT) provide big data sources that are allowing novel re-
search and applications related to human mobility. Recent studies have 
advanced the knowledge on trip generation by studying the number of dif-

Personalized Routing for Multitudes in Smart Cities. © De Domenico M, Lima A, González MC, and 
Arenas A. EPJ Data Science 4,1 (2015), doi:10.1140/epjds/s13688-015-0038-0. Licensed under Cre-
ative Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/.



184 Urban Development for the Twenty-First Century

ferent locations visited by individuals through mobile phones and quantify-
ing their frequent return to previously visited locations. These have demon-
strated that the majority of travels occur between a limited number of places, 
with less frequent trips to new places outside an individual radius [2], [3]. 
In the domain of trip distributions, new models have helped us to predict 
number of commuting trips when lacking data for calibration [4].

An important topic is to explore route assignments in the context of 
smart multimodal systems [5], [6], where individual daily trips follow 
recommendations based on personal and global constraints. This is of 
special interest towards effi cient cities, where individuals could be au-
tomatically routed reducing the probability of traffi c congestion and at 
the same time reducing the environmental impact. From the individual’s 
point of view, for instance, one might want to choose a trip which mini-
mizes the amount of traffi c along the route, or to avoid routes across ar-
eas with high criminality level, or to favorite routes across more touristic 
areas, etc. On the other hand, the choices of certain routes at individual 
level, without accounting for the state of the system, often leads to traffi c 
congestion [7], [8] which, in turn, is responsible for increasing pollution 
while decreasing the quality of the environment, with evident impact on 
the community.

In this work we model the trips in an urban system as interacting par-
ticles with data-driven origin-destination pairs that can be routed in their 
trips. Their route choices are based in a time-varying potential energy 
landscape that seeks to satisfy individual’s and community’s requirements 
simultaneously. Main streams methods for distributed routing seek to 
avoid congestion by global travel time reduction based on optimization 
methods [7], [9]. More recently, adaptive path optimization on networks 
(London underground network and global airport network) related the 
problem to physics of interacting polymers [10]. In this work we go one 
step forward in that direction and use a framework based on potential en-
ergy landscapes to integrate diverse layers of constraints to favor certain 
routes and to study the effects of the level of adoption of the proposed rec-
ommendations. In this work our main focus is to explore a new framework 
of analysis to study routing strategies for urban mobility, while the road 
network constrains are left to further studies.
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7.2 DATA-DRIVEN ROUTING OF HUMAN MOBILITY

We consider a geographic area of interest (e.g., a city, a district, etc.) and 
we discretize it into a grid G with size L×L′. In the following, for sake of 
simplicity, we will consider squared grids with size L.

We model individuals moving within the grid as a complex system 
of interacting sentient particles whose goal is to move between two geo-
graphic points according to certain criteria. Each criterion is encoded by a 
matrix C, with the same dimension of the grid, where each entry indicates 
the state of the corresponding cell in G. In the same spirit of physical mod-
els of an electromagnetic surface, we use the convention that Cij>0 indi-
cates a repelling cell, i.e., a geographic area that should be avoided. Simi-
larly, Cij<0 indicates an attracting cell, i.e., a geographic area that should 
be involved for routing. Areas where Cij=0 are considered as neutral.

The origin of a constraint can be of different nature. In fact, there are 
constraints at individual level, i.e., the ones corresponding to requirements 
of the single user (e.g., avoid areas with high criminality level), and at 
global level, i.e., the ones corresponding to the requirement of the whole 
community (e.g., keep minimum the pollution level). Moreover, there are 
static (or quasi-static) constraints corresponding to restrictions that do not 
change over time or change over large temporal scales, and dynamic con-
straints corresponding to rapid changes within the system itself, like the 
traffi c fl ow or the weather. On one hand we should account for individu-
als’ goals and requirements, while on the other hand it is crucial to satisfy 
constraints imposed for the wealth of the community.

In the following, we consider the set of all constraints, static and dy-
namic at individual and collective level, and we assign to each of them a 
time-varying matrix C(α)(t), where α=1,2,…,M and M is the total number 
of constraints. In the case of static constraints, the matrix is considered 
constant over time. Moreover, the entries of each matrix are rescaled to 
the range 0≤C(α)

ij≤1, for all values of i, j and α to assign a relative impor-
tance to each constraint and to settle on a common scale. Finally, the total 
constraint matrix is defi ned by the linear combination of such constraints 
at each time step:
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(1)

where the coefficients wα(t) are empirical and define a trade-off between 
individual’s and global constraints. It is worth remarking that these co-
efficient might vary over time because, depending on the circumstances 
(special events, incidents, etc.), it could be necessary to change their value 
to satisfy different priorities.

We defi ne another matrix, Dℓ(t) ( ℓ=1,2,…,N(t)), encoding the start-
ing and destination cells of each individual in the system, where the 
starting point is considered to be a repelling or neutral area and the des-
tination point is an attractor. The number of individuals N(t) is allowed 
to change over time. The matrix Dℓ(t) might change over time because, 
in principle, the individual might change destination during his or her 
travel, and for simplicity we assume that −1≤Dij≤0 for each individual. 
It is worth remarking that attracting cells are in general associated to 
destinations and should be encoded in the set of matrices Dℓ(t), whereas 
repelling cells are associated to constraints and should be encoded only 
in the set of matrices Cα(t).

We interpret the set of matrices C(t) and Dℓ(t) as potential energy 
landscapes and the routing of individuals is performed by means of a 
gradient descent, where each user moves along geodesics while reduc-
ing his or her potential energy until he or she reaches the destination. 
For simplicity, we assume no dependence on time for matrices Dℓ(t). We 
consider the case of a gravitational fi eld in two dimensions permeating 
the areas encoded by Dℓ(t). More specifi cally, let (iℓ,jℓ) and (iℓ

(d), jℓ
(d)) 

denote the cells of the underlying grid and destination point of the jour-
ney of individual ℓ, respectively, and let the following formula indicate 
their distance:

The potential energy landscape is defi ned by
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(2)

where Ω is a constant factor, defining the scale of the potential which 
should guarantee that the potential is strong enough in each cell. In our 
simulations, we considered Ω=30L√2.

The choice of the value of the potential at the destination is some-
how arbitrary and, as a rule of thumb, it should be a number smaller than 
the potential of the neighbors (whose distance is r=1 or r=√2, the latter if 
movements along diagonals are allowed), but not so small to avoid a po-
tential well so deep that the rest of the landscape is almost fl at.

To guarantee the convergence of the gradient descent even in presence 
of constraints or noise resulting in potential wells, we weight the overall 
landscape for each particle by

Vℓ(r,t) = γ(t)Dℓ(r) + (1−γ(t)) C(r,t)                                                           (3)

where C(r,t) is the potential energy landscape corresponding to constraints 
encoded by matrix C(t). The weighting factor γ(t) should be a function 
ranging between 0 and 1 accounting for the importance given to the con-
straints with respect to the destination. The key to ensure the convergence 
of the gradient descent, while accounting at the same time for the con-
straints, is to make this function changing over time from an initial value 
up to 1. A candidate function is given by

γ(t;a,b) = 1 − (1−b)e−at                                                                              (4)
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where a is a non-negative number whose inverse τ=a−1 defines the time 
scale for convergence to 1 and b is the relative importance to be assigned 
at time t=0 to constraints and destination. A reasonable choice is to balance 
the two potential energy landscapes to allow the particles to be routed ac-
cording to the constraints and the destination up to a time scale τ, above 
which the influence of the destination becomes more important. Small val-
ues of b might give more importance to the constraints rather than destina-
tion, leading to a routing less oriented to the final destination during the 
first time steps. Therefore, we require γ(0)≥1−γ(0) leading to b≥0.5.

We rewrite Eq. (3) to put in evidence the terms corresponding to dif-
ferent constraints. Let Cσ(r) and Cδ(r,t) denote the potential due to all 
static and dynamical constraints, respectively, which are not related to 
the state of the other particles of the system. For instance, Cσ(r) might 
encode the landscape corresponding to crimes, supposed to change over 
very long time scales, while Cδ(r,t) might encode the areas where it is 
raining, snowing or being affected by other meteorological events. On 
the other hand, we make the realistic assumption that not all individuals 
follows the routing provided by the smart system. While the information 
about the traffi c of all individuals can be available by sensors properly 
disseminated across the grid, it is not possible to predict the behavior 
of a certain fraction p of individuals. To account for such a fraction p 
of individuals, we consider a set of N(1−p) individuals moving along 
shortest paths between pairs of origin and destination, sampled from 
real data as discussed further in the text, and a set Np of individuals 
moving randomly in the city, i.e., following random walks instead of 
shortest paths. We indicate by Fin(r,t) the potential corresponding to the 
fl ow of individuals within the system, i.e., those ones following sugges-
tions from the smart system, and by Fout(r,t) the potential correspond-
ing to the fl ow of individuals out of the system. The latter is modeled 
by a noisy fl ow in terms of random walking individuals, although oth-
er mobility models can be used. In order to preserve conservation of 
the fl ow, we rescale each term by the number of particles in the most 
visited cell, i.e., by a weight m(t)=max[F(t)], being F(t) the matrix ac-
counting for the fl ow of individuals in the city at time t, with ∑cell GF(t)
=N(t). The matrix F(t) is not weighted by the factor [1−γ(t)] as in the 
case of Cσ(r) and Cδ(r,t), because it would wash out the contribution of 
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F(t) to the potential landscape for increasing time. This choice makes 
our model more realistic: in fact, while it is possible to decide to traverse 
an undesirable area to balance the time spent looking for alternatives, it 
is not possible to traverse those areas which are congested or overcrowd-
ed. Therefore, the potential energy landscape accounting for the traffi c 
fl ow should not be weighted by the function 1−γ(t), whose existence is 
justifi ed only to introduce a trade-off between the needing to reach the 
destination and the time spent to achieve this goal while accounting for 
personalized constraints. Finally, Eq. (3) maps to

Vℓ(r,t) = γ(t)Dℓ(r) + (1−γ(t))  [Cσ(r) + Cδ(r,t)] + m(t)[(1−p)Fin(r,t) + 
               pFout(r,t)].                                                                                   (5)

This model is rather general, accounting for the presence of traffi c 
and, simultaneously, for personalized and collective, static and dynamic, 
constraints. However, in this study we focused only on static constraints 
and we aggregated time-varying constraints for simplicity. It is worth re-
marking here that the potential landscape Vℓ(r,t) experienced by individual 
ℓ still changes over time, because of the traffi c fl ow term. Moreover, if 
agents are distributed in the grid according to the underlying population 
distribution and they move along shortest-path adapting over time in the 
evolving potential landscape, it is not possible to perform quantitative pre-
dictions about the state of the full system at a given time without numeri-
cal simulations.

7.3 OVERVIEW OF THE DATASET

Most of the datasets used in this work were acquired as part of the Telecom 
‘Big Data Challenge’ and all of them are related to the city of Milan, Italy 
(see Figure 1).

The constraints encoded by matrices Cα(t) can be represented as differ-
ent ‘layers’ of the city, as shown in Figure 2. The weighted combination of 
such layers, as in Eq. (1), allows to build the potential energy landscapes 
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FIGURE 1: City of Milan. Area of Milan (Italy) considered in the present study. The area 
is divided into a squared grid with 10,000 cells of size 55,225 m2.

Cσ(r), Cδ(r,t), Fin(r,t) and Fout(r,t) infl uencing the overall landscape defi ned 
by Eq. (5).

For simplicity, we considered four static layers obtained from the 
provided datasets and here we explain how the layers were generated. 
The ‘pollution’ layer was generated from readings of 7 sensors scattered 
around the city, taken hourly over the course of 2 months. Because these 
sensors are very sparse in space, we smoothed their readings conveniently. 
The ‘events’ layer was generated by looking at the number of tweets com-
ing from each grid of the city. It contains 100,000 geolocated tweets gener-
ated over a 30-day period. Lastly, the ‘crime’ layer was generated from a 
list of crimes, manually curated, and sourced from newspaper articles. It 
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contains 1276 crimes happened during the course of 12 months in Milan 
and reported by newspapers and local media.

Finally, we used data about the total number of calls and texts gener-
ated in Milan by all users of a mobile carrier, over a period of two months. 
We used the aggregated fraction of calls and texts between areas of the 
city, aggregated over the whole 2-month period, to determine the distribu-
tion of trip origin and destination, as detailed in the next session.

FIGURE 2: Layered potential energy landscapes. Each layer represents a potential 
energy landscape corresponding to a specific individual or collective constraint. The 
potential energy landscape in the bottom of the figure represents an example of weighted 
combination of such potentials.
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7.4 SIMULATION OF PERSONALIZED ROUTING

We performed massive simulations of personalized routing in Milan to 
gain insights about which factors influence the time required to complete a 
journey. We started by exploring different ways to sample origin and des-
tination cells for each individual in the city. The simplest strategy would 
be to choose both origin and destination with uniform probability on the 
grid. Of course, this strategy can not be realistic for several reasons. On 
one hand, the population is never uniformly distributed over metropolitan 
areas like Milan, where there is a high concentration of individuals in the 
‘core’ of the city, while the population density decreases for increasing 
distance from the city centre [11]. In fact, assuming a uniform distribution 
of origins implicitly considers a population uniformly distributed. On the 
other hand, the choice of a random destination, regardless of the origin, 
is not representative of real urban mobility, where individual’s journeys 
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FIGURE 3: Simulation of origin and destination. Different strategies for the simulation 
of origin and destination affect the distribution of time required to complete a journey. 
‘Approximated’ indicates a random geographical area, whereas ‘data-driven’ indicates a 
simulation where origin is sampled from the population distribution and destination is 
sampled according to the origin-destination probability matrix.
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FIGURE 4: Simulation of personalized routing in Milan. Data-driven simulations where a 
certain fraction of individuals traveling in the city are routed by our system. The average 
time required to complete a journey decreases for increasing synergy, i.e., for increasing 
adoption of the personalized routing. The distribution of journey duration is shown in the 
ideal case, i.e., the non-physical scenario where each individual travels without constraints 
of any type, such as traffic, etc.

show a high degree of spatio-temporal regularity, with a few highly fre-
quented locations [12]–[14] and high predictability of the underlying tra-
jectories [3], [15], [16].

For this reason, we employed a data-driven approach accounting for 
intrinsic correlations in human mobility and leading to a more realistic 
distribution of origin-destination pairs. As a proxy for the population dis-
tribution, we have used the human activity measured by calls and texts 
generated by mobile phones. The calls dataset also provided information 
about the distribution of calls across all the pairs of grids; we exploited this 
information to sample a realistic ensemble of origin-destination pairs and 
to build an origin-destination probability matrix. Although this is a strong 
assumption, recent works [17]–[19] show how one of these quantities can 
be used to measure the other. Our simulations, summarized in Figure 3, 
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show that the time required to complete a journey is, on average, faster 
when a data-driven strategy is employed vs. the one approximated by ran-
dom origin and destinations.

We capitalized on this result to perform data-driven simulations by 
varying the fractions of individuals traveling by adopting our routing sys-
tem. For each individual, we calculated again the time required to complete 
his or her journey, sampled according to the origin-destination probability 
matrix. To understand how the effi ciency of our re-routing algorithm is af-
fected by the fraction of individuals adopting the recommended routes, we 
defi ne this fraction (1−p) as the synergy of the system and we calculate the 
time required to reach the destination for each individual. The remaining 
fraction p of individuals does not follow the recommended routes. 

We found that the underlying synergy has a non-negligible effect on 
the way individuals experience mobility the city. Our results, shown in 
Figure 4, put in evidence that the average time required to complete a 
journey decreases for increasing synergy, i.e., for increasing adoption of 
the personalized routing. This result was expected: when only a small frac-
tion of individuals moves along the routes suggested by our system, it is 
not possible to calculate effi cient trajectories because the only information 
available to the system is about the traffi c generated by other people, while 
the information about their origin and destination is unknown. Conversely, 
when a large number of individuals adopts the suggested routes the po-
tential energy landscape is less subjected to noisy fl uctuations and a more 
effi cient calculation of trajectories can be performed. For comparison, we 
show in the same fi gure the distribution of journey duration in the non-
physical scenario where each individual travels without constraints of any 
type, such as traffi c, etc. This optimal case, shown in fi gure for compari-
son, is a free-fl ow scenario where every person goes to their destination 
undisturbed by other people. Individuals’ routes were sampled according 
to origin-destination matrix also in this case. While it is not possible to fi t 
the distribution of the ideal journey duration, our results show that a 100% 
synergy produces a distribution close to the ideal one. It is worth remark-
ing that this analysis would be able to quantify the benefi ts of synergy for 
urban traffi c if information on the individual adoption of routing technol-
ogy could be available to researchers.
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Our routing system also allows to monitor mobility of the city from a 
new point of view. Interpreting individuals as particles moving in a ther-
modynamical system, it is possible to calculate the ‘temperature’ of the 
city. For each particle ℓ we calculate the mean speed at time t by

(6)

i.e., as the ratio between the distance travelled up to time t and the time re-
quired to travel. Here tℓ

(0) indicates the time at which the particle has been 
injected into the system, i.e., the time at which the individuals leaves the 
origin of his or her route. The temperature of this system can be defined as 
the mean squared speed <vℓ

2>ℓ. This measure is better understood in terms 
of permeability (or connectivity) of the city, as defined in urban studies 
allowing us to quantify how fast individuals flow through the city. There-
fore, we define the permeability by

(7)

where the sum and the average are limited to individuals adopting the rout-
ing system, because of the lack of information about origin-destination of 
the others. Nevertheless, P(t) is indirectly affected by the traffic gener-
ated by Nout(t) individuals, therefore it is a robust measure of permeabil-
ity. Higher the value of P(t) faster the flow of individuals trough the city 
and, conversely, lower the value of P(t) and slower the movements in the 
city, i.e., higher the probability that there are congested areas or, in the 
worst case, ‘frozen’ cells in the grid. In the upper panel of Figure 5 we 
show how the permeability changes over time for a data-driven simulation 
with N=100 individuals, a=0.1, b=0.5 and p=0, i.e., for 100% synergy. 
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The color gradient codes the status of the city with respect to its histori-
cal permeability. The existence of congested areas is more evident when 
the time series of anomaly A(t) is observed. The anomaly is defined as 
the departure of P(t) from the historical average μP(t) with respect to the 
historical standard deviation σP(t)

(8)

where

(9)

(10)

In the bottom panel of Figure 5 we show the anomaly changing over 
time. The traffi c experiences large fl uctuations for large values of t, posi-
tive and negative ones, alternating periods of high permeability with a few 
periods of low permeability. This is due to a few overcrowded cells that 
are quickly and automatically uncrowded by the system itself. Therefore, 
it is possible to monitor the traffi c of the city by looking at the permeabil-
ity and its anomaly over time, programming different alert levels such as 
low ( −2≤A(t)<−1.7), medium ( −2.6≤A(t)<−2) or critical A(t)<−2.6.

7.5 DISCUSSION AND CONCLUSIONS

We have presented a strategy to route individuals between pairs of points 
of interest according to constraints of different type. Our method accounts 
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for the simultaneous inter-playing between personalized constraints, as 
avoiding specific areas of the city because of personal choices, and collec-
tive constraints, from pollution reduction in certain areas of the city to the 
presence of adverse atmospherical conditions requiring targeted interven-
tion. We have shown that the synergy plays a fundamental role in design-
ing a smart city: only when all individuals take part in the routing system 
and move according to the recommended routes, the overall traffic in the 
city is closer to the most ideal mobility scenario. In the presence of real 
time information, our method allows to monitor the state of the city in real 
time, automatically identifying areas that are experiencing a temporary 
congestion and giving authorities the possibility to intervene timely.

Finally, the potential applications of our routing strategy are multiple. 
For instance, for certain values of the parameters (i.e., a=b=0, leading to 
γ(t)=0), we obtain a routing strategy from an origin and without a fi xed 
destination, while accounting for specifi ed constraints. This case could 
be useful to perform automated routing of objects or individuals through 
the city. For instance, it would be possible to route cars or drones which 
are collecting data about the city (as Google cars) and to route people in 
charge of social services like cleaning the streets or performing targeted 
intervention, as disseminating salt in areas with snow. An additional appli-
cation could be in the fi eld of social security, to route police cars in areas 
with high crimes rate. Finally, our framework can help decision-makers 
to real-time application of urban mobility policies in responses to crisis, 
e.g. the emergence of hotspots of infection in specifi c areas of the city (or 
a larger area) can be incorporated into the model to avoid people passing 
through dangerous areas before physical quarantine is employed.
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Transport Accessibility Analysis Using 
GIS: Assessing Sustainable Transport 
in London

ALISTAIR C. FORD, STUART L. BARR, RICHARD J. DAWSON, 
AND PHILIP JAMES

CHAPTER 8

8.1 INTRODUCTION

Accessibility to jobs, services or other destinations of interest, has long 
been recognized as key to the development of sustainable transport, land 
use and spatial planning strategies [1,2,3,4,5]. Increased emphasis on sus-
tainable urban development has underlined the importance of accessibility 
for (i) economic development as it enables the movement of people and 
goods to support the functioning of the economy [6]; (ii) environmental 
objectives such as reducing greenhouse gas emissions and pollutants that 
result from different transport modes and how they are used [7]; and (iii) 
equitable access for all socio-economic groups to core services such as 
healthcare [8].
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Barr SL, Dawson RJ, and James P. International Journal of Geo-Information 4,1 (2015), doi:10.3390/
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Transport systems are key mediators of sustainability in urban areas, as 
they infl uence the way people and goods move through a city, and hence 
the energy (and thus carbon emissions) required to ensure a city functions 
successfully [9]. Well-designed low-carbon transport systems can encour-
age transitions from high emission to low emission forms of transport 
(e.g., from private car to public transport or bicycles). Spatial planning 
can complement this by encouraging development to occur in areas of 
good connectivity, ensuring the provision of low-carbon transport options 
in city plans, or prioritizing mixed-use developments where walking and 
cycling are more attractive options to travel [9].

Models of transport accessibility, and its interaction with sustainability, 
have been developed over many years. Hansen [10] showed a strong cor-
relation between the accessibility of an area within a city and its ability to 
attract new urban development or investment. This concept was extended 
by Lowry [11] as a land-use transport model where the spatial separa-
tion of (or the ease of travel between) population and employment is a 
key determinant of land-use (see Levinson [12] for a more recent applica-
tion of such a model). These models used measurements of time or dis-
tance in their assessment of sustainability and thus the carbon emissions 
of a journey were not considered. Further developments in urban land-use 
transport models [4,13,14,15,16,17,18] use a range of approaches, often 
with more sophisticated representations of urban processes, but central to 
these models is the characterization of transport accessibility [19]. Conse-
quently, whilst accessibility calculations have often been wrapped within 
land-use transport models, the importance of understanding accessibility 
in its own right has more recently led to the development of a number of 
specifi c accessibility tools (see [5] for a review of such tools employed in 
Europe), some of which are standalone tools whereas others have been 
developed in a GIS environment.

Many of these tools have been developed for specifi c cities (e.g., CAP-
ITAL is a London-specifi c tool [20]) or their access is restricted to spe-
cifi c audiences (e.g., the UK Department for Transport Accession GIS tool 
[21]). The data and computational overheads with these, and many other 
models, can be a barrier to adoption by non-specialist decision-makers 
(see Te Brömmelstroet et al. [22] for a discussion on usability), reduce 
their utility for rapidly exploring a wide range of options and policies, 



Transport Accessibility Analysis Using GIS 203

and limit the feasibility of their incorporation into a broader assessment 
of non-transport urban sustainability issues (e.g., which might consider a 
diverse range of issues such as fl ood risk and energy consumption for a 
number of different scenarios).

GIS platforms have, for some time, supported transport planning by 
analysis of spatial patterns, such as calculating the shortest path between 
two points on a network [23]. Tools commonly included in commercial 
GIS software offer interactive and rapid calculations on simple networks 
but are insuffi cient for a rich understanding of urban accessibility (e.g., 
inclusion of scheduling information or the monetary costs of journeys). 
Improvements to these basic GIS functions have been presented in re-
cent years; Liu and Zhu [2] developed an accessibility toolkit for Ar-
cView GIS, measuring accessibility by different modes and to various 
destinations, Lei and Church [24] included walking times and transit 
frequencies in their assessment of accessibility, Benenson et al. [25] in-
troduce an ArcGIS-based toolkit to calculate service areas and travel 
times including transfers and timetable information for public transport, 
and Mavoa et al. [26] calculated different accessibility scored by public 
transport for 17 different destination types. In addition, more advanced 
analysis of accessibility using graph-theoretical approaches have been 
developed [27,28].

Building on these advances, this paper introduces a model designed 
to exploit the capabilities of GIS in order to support strategic planning 
for sustainable urban transport by enabling rapid appraisal of city-wide 
transport options, here using generalized cost of travel as a comparative 
metric. This methodology addresses some of the limitations of standard 
desktop GIS packages to provide a more sophisticated understanding 
of accessibility (e.g., following some of the methodologies highlighted 
above to include such improvements as generalized cost of travel and ac-
cess times to services as opposed to standard shortest pathway analysis), 
whilst taking advantage of the strengths of GIS (over standalone tools) as 
an interactive data manipulation, spatial analysis, network analysis and 
visualization tool. In particular, a GIS framework enables non-specialists 
and decision-makers to interact directly with the model and the input data 
in order to rapidly test scenarios on their desktop and to explore the results 
and data which show the accessibility landscape for a city in a familiar 
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environment. Such results can be further examined in the GIS software 
using in-built geo-statistical analysis tools.

An additional advantage is that GIS enables the combination of other 
model outputs and spatial datasets of interest in order to examine the trans-
port appraisal results in context, enabling for example direct comparison 
between low-carbon and carbon-intensive forms of transport, thus giv-
ing insights into areas where sustainable transport investment is needed. 
Moreover, this has enabled the rapid accessibility analysis tool to be wide-
ly employed within an “Urban Integrated Assessment Facility” (described 
in Hall et al. [29] and Walsh et al. [30]) which is used for the analysis of 
climate change policy in cities. In this paper, we analyze the potential ben-
efi ts of a number of infrastructure investment scenarios for Greater Lon-
don in the UK, including future investment scenarios proposed by Trans-
port for London, which demonstrate how London might increase urban 
accessibility with more sustainable modes of transport.

8.2 MEASURING TRANSPORT COSTS AND ACCESSIBILITY

There are many definitions of accessibility in the literature; however, a 
general definition by Wachs and Kumagi [31] is that accessibility is the 
ease (or difficulty) that opportunities (e.g., employment) or services can be 
reached from a location. Accessibility captures the effort required to over-
come the spatial separation of two locations, and usually reflects the utility 
(e.g., travelling from home to a job) associated with travelling between 
these locations [5,32,33]. Geurs and Van Wee [3] provide a full review of 
accessibility measures, but the most generalized formulation of the acces-
sibility, A, of location, i, is from Koenig [34]:

(1)

where Oj are the opportunities (utility or activity) to be gained from travel-
ling to location j, Cij is the distance, time, or cost of travelling from i to j, 
and f(Cij) is a function which ensures that the accessibility increases as the 
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cost of travel between two locations decreases [35]. Thus, fundamental 
to understanding accessibility is the cost of travel between an origin and 
a destination. This cost, or impedance, can be measured in a number of 
ways. The simplest measure is the Euclidian distance between two points 
which was typically used in earlier analyses [10,11]. Availability of trans-
port network information has enabled more realistic network path analy-
sis of distance; the shorter the distance, the higher the accessibility [36]. 
However, this does not take into account the physical network structure 
of transport modes or their different financial overheads, speeds, frequen-
cies, levels of effort required in their use, interchange times and capacities 
[37,38]. Therefore, in this work the cost of travel is expressed as a gen-
eralized cost, taking into account both time and monetary components of 
any journey along the transport network in one unified value [39,40]. This 
makes the assumption that the cost of travel between an origin and destina-
tion can be generally expressed in the form:

G = (C1 + C2 +…+ Cn)                                                                              (2)

where generalized cost G is a function of a set of cost components of a 
journey, C1 to Cn, which may be expressed in terms of time or money [39]. 
These cost components may be physically measurable (such as the cost of 
a ticket or the time taken to walk to a railway station) or more subjective 
(such as a user’s preference for a particular type of transport or the relative 
comfort of a mode). The use of generalized cost provides a simple unit of 
comparison for the cost of journeys which includes as many of the influ-
ences which affect the choice of transport as possible. The UK Department 
for Transport’s “Transport Analysis Guidance” [41] defines generalized 
cost as “the sum of both the time and money cost” for a journey, or:

C = aD + bT                                                                                             (3)

where D is the distance (km) between origin and destination, T is the time 
in hours taken to complete the journey, a is a distance coefficient based 



206 Urban Development for the Twenty-First Century

on vehicle operating costs per km, and b is the value of time coefficient. 
Costs are incurred differently by private, CPVT, public, CPUB, or cycling, 
CCYC, transport, expressed in units of time by WEBTAG [41] as follows:

(4a)

(4b)

(4c)

where A is the access time to the network (walk time to car, bus stop, light 
rail station or railway station); Vwk is the disincentive weight for walking; 
T is the journey time of transport; VOC is the vehicle operating cost per 
km; D is the distance in km; PC are parking and other costs; occ is the 
number of vehicle occupants; Vwt is the disincentive weight for waiting; 
W is the total waiting time for the journey; I is the interchange penalty (if 
applicable); F is the fare paid for a journey; VOT is the value of time coef-
ficient; VTopo is the disincentive weight for cycling up slopes; and VSafe is 
the disincentive weight to represent safety concerns for cyclists on busy 
roads. Further explanation, and the values used for the modeling study 
presented in Section 4, are given in Section 3.

It can be seen from Equations (4a)–(4c) that the in-vehicle time of 
any given journey is thus only one of several factors that contribute to 
the overall cost of travel [2]. Furthermore, time for waiting or walking to 
access a particular mode of transport captures the disincentive of certain 
options, and is sometimes referred to as the system accessibility [21]. VOT 
defi nes the value that the average person places on a unit of their time, or 
their willingness to pay for a service, in monetary terms [42]. The value of 
time varies for different socio-economic groups and other factors such as 
the urgency of a given journey and differs depending on whether the time 
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is working or non-working time (which is of concern here), with higher 
values for the former. However, it enables direct comparison and combina-
tion of both the monetary and time components of journey cost [42,43].

A transformative shift in improving the sustainability of transport is 
switching journeys from carbon-intensive modes (such as private cars) 
to low-carbon or zero-carbon modes (i.e., walking and cycling) [9]. As 
such, it was considered important to include a representation of the cy-
cling mode in this generalized cost framework. Cycling routes can be 
considered to predominately follow the road network in most cities, with 
the addition of a limited number of paths and routes exclusively for cycle 
use. The generalized cost calculation for a cycle journey is thus a sim-
plifi ed version of the method for private vehicles (Equation (4a)) since 
there are fewer monetary costs associated with trips. There are, how-
ever, additional factors to consider in the cost of cycling. Hopkinson and 
Wardman [44] highlighted that the gradient of routes along which cy-
clists may travel is one of the factors infl uencing cyclists’ route choices, 
whilst Noland and Kunreuther [45] indicated that the perception of risk 
(i.e., the safety) of a journey is an important consideration. Rodriguez 
and Joo [46] also allude to this in their study, showing that the physical 
environment (e.g., the provision of pedestrian or cycling infrastructure) 
has an effect on the perceived cost of non-motorized journeys. These 
factors are therefore included as additional weights in the computation 
generalized costs for cycling journeys.

8.3 IMPLEMENTATION OF GIS-BASED MODEL

To develop a tool that is generic and transferable, able to accept stan-
dard GIS input in the form of spatial data, at any given scale, and per-
form the generalized cost computation to produce a set of accessibility 
measures, an add-in was developed in VBA for ESRI’s ArcGIS©. The 
utility of this add-in was demonstrated using a case study in the Greater 
London Authority (GLA) area in the UK (see Section 4 for details de-
scription of the implementation and results of this case study). Figure 
1 shows the computational process for calculating generalized cost ma-
trices for a given mode.
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FIGURE 1: Computation framework for matrices of generalized cost, and thus accessibility 
measures. Employment locations could be replaced by other information to calculate 
accessibility to other facilities.
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The generalized cost model (Figure 1) was implemented as follows us-
ing values in Table 1 for the different terms of Equations (4a)–(4c):

1. First, the spatial geography of the model is defined in terms of 
zonal geography and the spatial boundary of analysis (for example 
for the London case study presented below, these are UK Census 
Area Statistics Wards, i.e., zones on which 2001 UK census out-
puts are reported).

2. Build M transport networks:

• Analyze, and clean if necessary, the data to ensure the correct topo-
logical structure for creation of a spatial network model.

• Build spatial networks within GIS software.
• Calculate the length of each network link from geometry.
• Multiply each network link length by the relevant travel speed to 

obtain the travel time for each link.

3. For N units of spatial geography, create an N x N matrix of gener-
alized costs for each of the M transport modes (similar to the ap-
proach outlined by Benenson et al. [24]):

• Calculate the location of the centroid and use it to define the Ori-
gin, and Destination of zone i.

• Calculate access distance, do, and associated travel time from 
centroid to nearest network access location (private and cycling 
modes), or boarding point (public transport modes) (Figure 2)

• Calculate shortest (network) path, dn, between origin and destina-
tion centroids using Dijkstra’s algorithm [47] (Figure 2). Shortest 
routes based on time, rather than distance, are computed in order 
to take into account speeds of travel. This is facilitated by ESRI’s 
Network Analyst extension [48].

• Calculate access distance, dd, and associated travel time from 
destination station or stop (public transport) or road access loca-
tion (private and cycling modes) (alighting point) to the centroid 
of the destination zone (Figure 2).

• Eliminate nonsensical journeys (e.g., where nearest station is 
shared between the origin and destination) and return a no-data 
value.

• Add on other costs, including non-monetary and monetary com-
ponents in Equations (4a)–(4c) such as fuel or perception weights, 
converted to time.
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• Sum all journey components to calculate the generalized cost of 
travel, Cij, between two zones.

• For situations where i = j and the preceding steps calculate Cij = 
0 then assume that Cij = 2/3min(Cij(i≠j)) in line with the approach 
used by Feldman et al. [49].

4. Use computed generalized costs to determine accessibility to desti-
nations of interest (e.g., employment locations) and determine the 
proportion of employment which is accessible by a given mode in 
a given cost of travel.

Figure 3 shows the geographic extent of the road-based (private ve-
hicle travel and Bus) networks as implemented in the London case study, 
highlighting the size of these networks (in the order of 65,000 links). Fig-
ure 4 shows a sample of the OpenStreetMap cycle network constructed for 
this study, demonstrating the density of the network in the urban area and 
the number of possible travel routes to be assessed. The calculation of net-
work distance, dn, used the above algorithm for all modes, with appropri-
ate values (i.e., speeds) from Table 2 to establish a UK context. However 
the calculation of network access distance do and dd for public and private 
networks differs as public transport networks must be accessed from stops 
where passengers can board and alight from services, with these stops be-
ing connected by routes. Unlike the public transport modes, the road and 
cycle networks can be accessed at any point along a link. Therefore do and 
dd are calculated as the Euclidean distance from the centroid to the nearest 
stop or station for public transport and nearest road link for private trans-
port. This is undertaken using a spatial join in the GIS software.

It is possible that origin or destination zones may contain more than one 
station or stop (for example, in London 10% of zones have more than one 
heavy rail station and over half have no station at all, whilst the numbers are 
one in three and one in fi ve for light rail). If there are fewer than two stations 
in the zone the nearest is used, whether it falls within the zone or not (Figure 
2), to defi ne do and dd. If both the origin and destination zones have fewer 
than two stations then there is only one possible route between the zones. 
However, if either the origin or destination contain more than one station, 
then for a total of Sij stations (e.g., maximum Sij for light rail in the London 
is 16) the average distance over all route combinations is calculated:
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FIGURE 2: Schematic depiction of journey from origin i to destination j.

FIGURE 3: Baseline road network, and bus stops, in the Greater London area. The 
Congestion Charge Zone is also depicted.
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(5)

A number of additional assumptions have been made to ensure that 
the generalized cost model is fl exible, can be constructed on simple, pub-
licly-available data, and runs quickly. For public transport networks (bus, 
heavy rail, and light rail), it is assumed that all portions of the heavy and 
light rail networks are passenger-carrying (although pre-processing can 
be undertaken to only include rail lines with stations). There is no limit 
imposed on access times to the transport networks (e.g., walking times to 
stations); a maximum walking time to a public transport stop or station 
could be implemented to refl ect the low likelihood of someone walking 
further without using an alternative mode of transport. For example, NHT-
SA [50] show that many people will only walk 0.5 miles. To enable direct 
comparison between modes, for journeys between all zones, this was not 
implemented here. However, the disincentive of long walking times is still 
captured in the generalized cost calculation. Interchanges within the same 
transport mode are calculated by adding walking costs between stations to 
the cost of travel.

In the case of private transport networks (road and cycling) most cost 
elements are included on the links themselves, since non-time components 
are often accrued in a distance-based manner. Thus, for example, the im-
pact of topography on cycling is incurred on a link-by-link basis. Conges-
tion charging or other road user charging schemes must be included as 
on-link costs (i.e., by means of increasing travel times along a link through 
Value of Time conversion). See Section 4 for a discussion of the London 
Congestion Charge and its implications.

All network elements (e.g., roads, cycle routes, or railway lines) are 
bi-directional. Some road network data (e.g., Ordnance Survey ITN in the 
UK) includes driving direction which means that it is possible to trace 
routes through one-way systems, however for large analyses (e.g., the 
1500 km2 of London) such local-scale factors are not signifi cant for global 
accessibility. On the same basis, the effect of gradient is assumed to im-
pact on cycle journeys equally in both directions.
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TABLE 1: Infrastructure improvements implemented in Baseline, Low and High investment 
scenarios (based on Transport 2025 report [51]).

T2025 
Scenario

Road Bus Rail Light Rail

Baseline  Crossrail

High Speed 1

Heathrow 
Express to 
Terminal 5

Heathrow Terminal 5 
extension

Low Thames Gateway 
Bridge

20% increase in 
bus supply (and 
thus frequency)

Reduce journey 
time by 4.5%

DLR extensions, 
Greenwich and East 
London transit systems

High Silvertown Link 
Bridge National 
Road User-charg-
ing scheme

40% increase in 
bus supply.

Crossrail 2, 
East London 
line extension 
(Overground).

Tramlink extensions, 
DLR extension to 
Dagenham Dock 

8.4 RESULTS AND DISCUSSION 
OF LONDON ACCESSIBILITY STUDY

The above computation framework was used to compute origin-destina-
tion matrices of generalized cost of travel under a number of current and 
future transport infrastructure scenarios for an application in the Greater 
London Authority (GLA) area in the UK. The future scenarios which were 
examined are based on the Transport for London “Transport 2025” study 
[51] options for future infrastructure developments. This study sets out a 
number of strategies to achieve the aim of ensuring London becomes a 
“sustainable world city”, including supporting sustainable economic de-
velopment, improving social inclusion, and tackling climate change and 
enhancing the environment [51]. Part of this strategy is a desire to improve 
the use of low-carbon transport modes through new infrastructure provi-
sion and encouraging behavioral change.

These scenarios were generated in the form of spatial network repre-
sentations and parameterizations within the methodology outlined in the 
previous section, thus allowing the testing of their impacts on accessibility 
in the Greater London area. To facilitate model set-up and to demonstrate 
ease of use, accessibility is characterized using nationally-available data-
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sets in the UK. Datasets of this type are often available in other countries 
and increasingly collected according to the same data standards, which 
limits the time required for data preparation. Improved accessibility to ar-
eas of high economic activity by lower-carbon modes of transport can 
therefore be provided as evidence that such infrastructure plans are meet-
ing the city’s sustainability goals. Table 1 summarizes the future infra-
structure scenarios examined in this study. Specifi c improvements for cy-
cling network infrastructure were diffi cult to obtain (none are mentioned 
in the Transport 2025 report beyond the development on on-road cycle 
lanes) so are not included in this table.

The model boundary for this study was defi ned as the edge of the 
Greater London Authority for reasons of political jurisdiction and data 
access, as this area is the defi ned administrative boundary that is most 
pertinent to decision-makers. Transport network representations were also 
restricted to this boundary, although this introduced a limitation in that 
some possible radial routes outside the administrative boundary of the city 
are not considered in the generalized cost calculation. Only journeys inter-
nal to this study area were considered, since the consideration of this study 
was accessibility between locations within the GLA region. Zonal units 
for origins and destinations in this study were the UK Census Area Sta-
tistics Wards (i.e., zones on which 2001 UK census outputs are reported) 
of which there are 633 within the GLA area ranging in population from 
106 to 17,000, and in size from 0.13 km2 to 29 km2 (mean size of 2.5 km2) 
of UK Census Area Statistics Wards were used as they allowed a direct 
comparison between the computed transport accessibility measures and 
the socio-economic variables of the zones.

One feature of London’s transport policy of particular interest is the 
central London “Congestion Charge zone”, which levies a fee on vehicles 
entering between 07:00 to 18:00 (see Table 2). Residents commencing 
their journeys within this zone receive a 90% discount. As mentioned 
above, these charges were added to the spatial road network representa-
tion directly to enable it to be factored into the calculation of the least 
cost network route, dn in the generalized cost computation. This ensures 
that journeys will be routed around the congestion zone if the overall cost 
is lower than traversing the center of London. Table 2 lists the complete 
parameterisation and data inputs used in the London case study.
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8.4.1 TESTING NEW INFRASTRUCTURE INVESTMENT

A key purpose of this GIS tool is to rapidly assess the effects of new in-
frastructure developments on accessibility patterns. Here, some options 
from the aforementioned T2025 scenarios of infrastructure development 
([51], summarized in Table 1) are considered individually. The changes 
in generalized costs resulting from such developments are first shown 
spatially in this section, then their impact on accessibility to employment 
and wider sustainability impact discussed in later sections.

Crossrail is a program to construct a new East-West Heavy Rail link in 
London connecting Paddington to the Liverpool Street and Canary Wharf 
areas. This includes a new section of railway line in a tunnel beneath cen-
tral London and improvements to existing lines either end of the tunnel 
to allow higher speeds and greater capacity [55]. These improvements 
were included in the network model by means of new links and stations to 
refl ect the new tunnel route and increased speeds on the existing lines to 
refl ect greater frequency and shorter travel times. The fare was assumed 
to be consistent with other rail travel.

The difference between the generalized cost of travel from Heathrow 
Villages to other census wards pre- and post-Crossrail is shown in Figure 
5. This reveals a mean generalized cost benefi t of 12 min to census wards 
across London, but the zones to the immediate east of the Crossrail tunnel 
show a benefi t of up to an hour. Such patterns of improvement demon-
strate the increased accessibility to areas to the east of central London 
(such as Canary Wharf and the former docklands regions) where there 
are a high number of jobs (around 132,000 people employed in 15 CAS 
wards in 2005) and a large amount of development. This demonstrates 
that the construction of Crossrail may improve the use of sustainable 
modes of transport to such areas.

Another proposed infrastructure upgrade is the Thames Gateway 
Bridge, a new road crossing of the River Thames to the east of the City 
of London. Figure 6 shows the generalized cost benefi t by road from the 
Plumstead ward. It can be seen that most reductions in generalized cost 
are in cross-river journeys (as would intuitively be expected) although 
there are also reductions in journey times to more distant wards in north 
London. Wards immediately north of the river experience the greatest 



218 Urban Development for the Twenty-First Century

reduction in cost (up to 30 min) as it is possible to cross the River Thames 
at a much closer point than in the baseline network. However, if a pro-
posed £2 bridge crossing toll is added, then the generalized cost benefi t 
is negated (since £2 equates to approximately 24 min of journey time). 
Whilst some of these reductions are modest, they highlight the wider spa-
tial effects of localized infrastructure improvement. Both projects provide 
regional benefi ts, but the structure of the rail network leads to the greatest 
benefi ts from Crossrail being focused in fewer wards than for the bridge. 
This highlights the need to examine the system improvements at city-scale 
from improvements which could be considered local.

Whilst there are no specifi c infrastructure investments for cycling out-
lined in the Transport 2025 report, there is mention of an aspiration to fur-
ther develop the London Cycle Network Plus (LCN+), a network of up to 
900 km cycle routes. Much of this network is in the form of on-road cycle 
lanes but, more recently, Cycle Superhighway routes have been proposed. 
One of these is the 10 km-long East-West Cycle Superhighway, running 
along the River Thames through central London on a dedicated piece of 
infrastructure [56]. This is a relatively small piece of infrastructure, but its 
impact on cycling journey costs through this part of central London was 
analyzed to examine the local improvements which could be seen from 
constructing such dedicated infrastructure.

Figure 7 shows the reduction in travel cost by the cycling mode be-
tween the Plaistow South ward in east London and the other wards in 
the local area. Improvements of up to 14 min of generalized cost can be 
observed, due to a combination of shortened journey times (due to higher 
speeds on dedicated cycling infrastructure) and a reduced perception of 
risk from the provision of segregated cycle lanes. Such improvements in-
crease the competitiveness of cycling journey costs in comparison with 
other modes (for example, cycle costs from Plaistow South to Golborne 
in west London are 91 min after the construction of the East-West Cycle 
Superhighway. This compares favorably with the travel cost by private car 
(162 min, since this journey travels through the Congestion Charge zone), 
light rail (105 min), and bus (also 105 min). If other such infrastructure 
was provided in a wider context across London, the reductions in travel 
cost could be large enough to ensure that zero-carbon modes of transport 
are a competitive alternative for short distance journeys.
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8.4.2 ACCESSIBILITY TO EMPLOYMENT WITHIN LONDON

Of the 30 million daily reported transport journeys in the 2012 London 
Travel Report [57], 40% were work-related journeys. Accessibility to 
employment is therefore an important driver of demand on transport net-
works and a large contributor to greenhouse gas emissions from transport. 
Since the zones used in the generalized cost calculation are also zones 
where population and employment records are available, it is possible to 
examine the accessibility to employment within London—and thus assess 
the number of people for whom accessibility is improved. 44% of the jour-
ney stages documented in the 2012 London Travel Report were by public 
transport, with 33% by car. Therefore, whilst patronage of public transport 
modes is significant in London, there is room for improvement. Provid-
ing lower travel costs between home and work locations by more sustain-
able transport modes could encourage fewer journeys by carbon-intensive 
modes, and this is a key driver in the London Plan [58].

The 2008 Annual Business Inquiry data [59] provided total employment 
in each of the zones utilized in the study and used to construct functions of 
the proportion of London’s employment (~3.5 million jobs) that is accessi-
ble for a given generalized cost of travel from each of the 633 census wards. 
Figure 8 shows these employment accessibility functions for the Heathrow 
Villages ward (Figure 8a) and Aldersgate ward (Figure 8b) for the road, rail, 
light rail, and bus modes for current transport infrastructure. Travel by cy-
cling does not feature in these accessibility functions as it was important to 
be able to examine accessibility to all employment in the study area. The av-
erage cycling trip length recorded in the UK National Travel Survey in 2012 
[60] was 3.2 miles, suggesting that cycles are used mainly for short-distance 
trips. Since these curves examine accessibility to employment across the 
whole Greater London area, cycling costs were not included.

The shape of these functions is determined by the characteristics of the 
mode of travel (e.g., the access time, the frequency of service, the travel 
speeds) as well as the spatial location of the origin ward and the spatial 
distribution of employment. Wards, such as Aldersgate, situated nearest to 
centers of employment (e.g., the City of London or Canary Wharf) have 
more employment accessible at a lower generalized cost of travel than 
wards situated in the suburbs or in areas of low accessibility.
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FIGURE 8: Employment accessibility functions for the (a) Aldersgate ward in Central 
London and (b) Heathrow Villages ward in West London.
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Aldersgate (Figure 8a) is located near a number of transport hubs with-
in the Congestion Charge zone. The road mode gives access to a large 
proportion of jobs for comparatively low generalized cost (approximately 
50% of all of London’s jobs within 40 min) since this is an area of dense 
employment and the Congestion Charge is reduced by 90% for journeys 
originating within the zone. However, this does not include factors such 
as insuffi cient parking spaces which may preclude many journeys by this 
mode. The public transport modes all exhibit higher costs to access a sim-
ilar level of employment but there is some variation across the modes. 
Heavy rail has a larger generalized cost than other modes to access em-
ployment initially (with a lag of 75 min), highlighting the discentive re-
quired to walk to the nearest heavy railway station, but is a lower-cost 
option for accessing more distant employment than light rail (100% of 
employment is reached in around 200 min, whilst for light rail the cost is 
around 350 min). The generalized cost to reach all employment by rail and 
light rail is higher than that by bus, showing the effect of low bus fares on 
the generalized cost of travel.

Figure 8b shows comparable functions for journeys originating in the 
Heathrow Villages ward. It is immediately noticeable that the travel cost to 
access employment is higher for all destination wards, refl ecting the spa-
tial separation of this origin from the main employment centers in central 
London (100 min of travel cost to reach 50% of jobs by private transport in 
this instance). It is interesting to note the steepening of the function for the 
Road mode at 160 min, which is due to the Congestion Charge reducing 
the accessibility of jobs by road within the charging zone. The initial lag 
in the Rail and Light Rail modes are due to the long access walks to those 
modes from this ward (since the ward centroid is 800 m from the nearest 
station, all of which are located within the airport). The spatial coverage 
of the Light Rail network, requires some long walks from the destination 
station to the workplace census ward, leading to a very long tail for the 
fi nal 5% of jobs.

Both accessibility curves for the current day transport networks high-
light a number of interesting patterns. Journeys by private car are, in the 
most part, the lowest cost means of accessing employment in Greater Lon-
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don (consistently up to 30 min lower in cost than other modes from Al-
dersgate). The Congestion Charge does, however, reduce the accessibility 
by this mode to the jobs in central London by adding 95 min to the cost of 
those journeys. Accessibility by more sustainable public transport modes 
is initially curtailed by the additional cost of accessing these modes initial-
ly (a lag of between 30 and 75 min), but then over short distances in cen-
tral London the light rail mode is competitive and over longer distances to 
the wider area the rail mode more attractive. The low cost of bus tickets in 
London ensures that, despite its relatively slow journey speeds, the overall 
generalized cost to access employment by this mode is low. Such compari-
sons suggest that in order to encourage uptake of lower-carbon forms of 
transport, either the costs of these transport option to access employment 
must be reduced (through investment or lower ticket prices) or the cost of 
private car travel must be increased (e.g., through ensuring the cost of car 
journeys refl ects the true cost, for instance through carbon pricing). This 
paper highlights accessibility functions for only two wards, however such 
curves are produced for all wards by the generalized cost tool (i.e., 633 
such curves for the GLA area).

Such employment accessibility functions can be used to examine ben-
efi ts to accessibility from infrastructure improvement, as an alternative to 
examining individual generalized cost improvements as shown in Figure 
5, Figure 6 and Figure 7. Figure 9 shows the accessibility change from the 
Heathrow Villages ward as a result of different infrastructure scenarios 
which include investments from the Transport 2025 report (see Table 1). 
These curves show that accessibility as measured by generalized cost im-
proves most notably in the bus mode (due to an increase in the frequency 
of bus services in the area). Other low-carbon modes, however, exhibit 
little overall change as a result of the proposed infrastructure improve-
ments in the report. The largest difference in these scenarios is between 
road scenarios with and without the inclusion of the Congestion Charge. 
Since a large proportion of jobs (approximately 25%) are located with-
in this part of central London, the Congestion Charge can be seen as a 
large incentive for people to use lower-carbon forms of transport to access 
this employment.
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8.4.3 GLOBAL ACCESSIBILITY IMPROVEMENTS

The impact and benefits of infrastructure change varies across each ward. 
To yield a global measure of employment accessibility, as opposed to the 
local measurement in Figure 9, we integrate the employment accessibility 
functions, weighted by residential population, for each ward. This mea-
sure of global accessibility, AG, provides a non-spatial summary of the 
relationship between residential and employment locations and is calcu-
lated as:

(8)

where Pi and Ej are the population and employment in wards i and j, from 
2008 data [59,61] and PT is the total population in London. This is there-
fore the aggregate generalized cost for accessing all employment in the re-
gion. Global accessibility for each transport mode, under different T2025 
investment scenarios, is reported in Table 3. The Low and High invest-
ment scenarios lead to employment accessibility benefits across all public 
transport modes, with the greatest benefit for buses as a result of additional 
investment in bus frequencies reducing waiting times and thus generalized 
transport cost. In the High Investment road scenario it can be seen that 
the accessibility decreases rather than increases; this is because a national 
Road User Charging scheme increases overall costs of road use (charging 
a fixed price per km). The higher investment strategy provides benefits 
to public transportation accessibility, contributing towards social inclu-
sion [62] and decarbonization strategies. As with Figure 9, the Congestion 
Charge has a substantial impact on accessibility as a result of the number 
of jobs in this zone.

These global accessibility fi gures demonstrate signifi cant differences 
(up to 60% in some cases) between the various modes and their ability to 
connect people with employment locations in London. It can be seen that 
on balance, global accessibility by the Road mode is lower than that of 
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other public transport modes. This is in part due to some missing factors in 
the calculation of road generalized cost values (most signifi cantly parking 
charges) but generally represents the lower cost of travel by car when tak-
ing into account all (monetary and temporal) factors. This demonstrates that 
encouraging the use of sustainable travel options must overcome the overall 
lower costs of private car travel in Greater London. However this global 
measure does not capture the local variability of accessibility across the area 
of interest, only providing a city-wide overview of the various modes. It is 
useful for comparison of various future investment scenarios and gives an 
understanding of the implications of policy decisions. Table 3 shows acces-
sibility to employment locations only, whilst access to other services (e.g., 
shops, parks, hospitals) would have different patterns and totals.

TABLE 3: Global accessibility to employment, AG, for each transport mode under the 
T2025 transport infrastructure investment scenarios (a lower value means lower cost to 
access employment and therefore better employment accessibility), and sensitivity of the 
road mode to congestion charging (CC).

Bus Light Rail Rail Road:With CC Road: No CC

Baseline 9193 13868 9767 8548 6027

Low 
investment

9063 (−1.4%) 13,605 (−1.9%) 9575 (−2.0%) 8520 (−0.3%) 5997 (−0.5%)

High 
investment

8285 (−9.9%) 13,325 (−3.9%) 9490 (−2.8%) 8698 (+1.7%) 6176 (−2.5%)

8.5 CONCLUSIONS

This paper has presented a GIS-based tool that has been developed to en-
able rapid characterisation of transport costs and accessibility over large 
spatial domains using readily available data. The results of this tool can be 
presented in a variety of ways, including as plots or graphs, and as spatial 
maps of generalized cost or accessibility. The key benefit of this approach 
is to enable rapid appraisal of the effects of new infrastructure develop-
ments on accessibility at a local to city-wide scale, and the comparison 
of accessibility patterns between competing modes. Te Brömmelstroet et 



228 Urban Development for the Twenty-First Century

al. [22] indicated that decision-makers find “visual map-based media to 
be a very useful tool for communicating accessibility” and that “planners 
prefer maps, while transport planners are more at ease when presented 
with quantitative outputs”. The tool presented here has been designed to 
provide both such outputs using widely-available GIS software. Further-
more, this tool is provided as a free add-on for standard GIS and can use 
publicly-available data thereby addressing concerns of a significant pro-
portion of local government organizations that lack the time, money, data, 
and computational skills to undertake accessibility analysis [22].

Application to Greater London shows that networks of different trans-
port modes can be analyzed over large spatial scales, and reveals consid-
erable spatial variability in transport costs and employment accessibility. 
Employment accessibility is shown to be a complex function of transport 
mode, network structure, location of jobs and journey origin. Globally, 
road-based modes provide the greatest accessibility, suggesting that in-
vestment may be needed in lower-carbon forms of transport in order to 
reduce the dominance of the private car in transport journeys (currently 
at 44% modal share). The Congestion Charge provides a substantial dis-
incentive to commuting into central London by private transport and thus 
encouraging the use of other, less carbon-intensive modes of travel to ac-
cess the jobs and services in this area. However, rail-based modes are still 
more benefi cial on certain routes, highlighting the importance of consider-
ing spatial form in this type of analysis.

These accessibility functions provide decision-makers with depictions 
of the relative accessibility of key facilities (in this case employment lo-
cations) from a given location within an urban area. It is quickly demon-
strated that certain modes of travel provide access to such locations for 
a lower generalized cost than other modes. It is possible, with the acces-
sibility tool presented here, to examine the attractiveness of low-carbon 
modes of transport against less sustainable means of travel. Such functions 
also allow the testing of possible future infrastructure investment options, 
to quickly examine the impact of such investments on accessibility and 
to determine the effectiveness of options to increase the attractiveness of 
sustainable travel modes.

Rapid analysis of accessibility patterns helps explore a wide range of 
possible transport options to balance factors such as maintaining acces-
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sibility to employment, ensuring connectivity of residential areas, but also 
wider sustainability goals such as reduction in long-distance commuting, 
promoting low-carbon transport, and reducing travel emissions. Local ac-
cessibility changes (e.g., access to stations, effects of infrastructure im-
provements on short journeys) can be viewed in the context of city scale 
effects (e.g., global changes of accessibility) in order to ensure balanced 
portfolios of measures. Moreover, a rapid assessment tool allows inclu-
sion of transport analysis in multi-sectoral analyses of urban sustainabil-
ity studies, so that investment in transport infrastructure can be assessed 
alongside other investments in order to build a balanced portfolio of op-
tions which can assist in the development of sustainable urban areas (see 
Hall et al. [29]; Walsh et al. [30]; Dawson et al., [63]; and Echenique et al. 
[16] for studies of this kind).

In this study, we have considered only employment accessibility, but 
other measures such as access to green space, shops and other services 
could be readily included subject to data availability at the relevant spa-
tial geography. We also considered each transport mode in isolation, and 
calculated access to each network independently of other possible travel 
modes. This enabled the relative accessibility of each transport mode to 
be compared directly, and for results of the analysis to be more readily in-
terpreted and explained. However, we recognize that this may not always 
offer the least cost result for travel between two zones. A more realistic 
representation would allow for the computation of a walking, driving net-
work path to a station—or indeed use of multiple modes of transport for 
the journey—which is the subject of ongoing work. Inevitably, broad scale 
models of this nature necessitate a number of assumptions that limit its po-
tential for detailed transport infrastructure design and analysis. However, 
these limitations are justifi ed in this case as the aim was to create an ac-
cessibility analysis tool that can be rapidly and widely-applied without the 
need for large, or bespoke, data collection exercises. Another advantage of 
such a simple approach is the ability to add more network layers, services 
or represent additional processes within the generalized cost calculation, 
if needed.

The value of such a tool, as opposed to a full macro transport model or 
microsimulation of traffi c, is that many alternative scenarios of transport 
infrastructure and associated policies can be tested and compared quickly 



230 Urban Development for the Twenty-First Century

and easily. Constructing the modeling tools in a GIS framework facilitates 
parameterisation and preparation of these scenarios and enables immedi-
ate visual exploration and interpretation of the results. The tool has been 
made available for others to use (http://www.ncl.ac.uk/ceser/researchpro-
gramme/software/). In addition, utilizing widely-available datasets, such 
as OpenStreetMap, demonstrates the transferability of the tool, and thus its 
future applicability to other cities in the world, particularly in the develop-
ing world where such transformations to sustainable transport are vital and 
where open and crowd-sourced data sources are becoming more prevalent.
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CHAPTER 9

9.1 INTRODUCTION

Warming of the global climate system is unequivocal [1]. Even though 
there is a scientific consensus on the existence of climate change and the 
human role in it [2], the role of cities and urban activities in the global 
warming has been hotly debated in recent years [3,4]. The general opinion 
is that sprawling urban development is detrimental to the environment and 
that the denser the structures are the better. When urban structures grow 
outwards, the people living in loosely populated surrounding areas are 
more car-dependent and tend to live in less eco-efficient apartments. Con-
sequently, in the literature the studies on the effects of sprawl have mostly 
investigated emissions from driving and home heating [5,6,7].

However, urbanization and its supporting infrastructure per se do not 
alone cause climate change: it is also the people–living, moving, and con-
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suming in cities. Thus, it is not only the emissions from heating, electricity 
and driving that need to be taken into account but also the emissions from 
all other consumption must be kept in mind. Only with this kind of holis-
tic assessment, a suffi cient level of understanding about the greenhouse 
gas consequences of sprawl can be reached. Similar consumption-based 
assessments are gaining more and more foothold in the literature, and it 
is acknowledged that they suit particularly well for urban environments 
and should at least act as complements to the traditional production-based 
methods [8,9].

The proliferation of semi-detached and detached houses at the urban 
edge is one of the best-known characteristics of sprawl [10,11]. Combined 
with looser suburban structures and less accessible public transportation, 
sometimes not even very far from the urban core, this less dense low-
rise living represents the sprawl in an intra-urban context. Thus, in this 
paper, we distinguish between different types of houses and analyze the 
differences in typically inner-city high-rise and typical suburban low-rise 
lifestyles and their GHG effects. Furthermore, it has been argued that one 
reason for low-rise living are policies that encourage home owning and 
implicitly encourage people to move away from higher density living [11]. 
The analysis was done within a single metropolis, the Helsinki Metropoli-
tan Area [HMA], in Finland. The HMA is the capital region of Finland 
that consists of four cities with more than one million inhabitants. This 
type of sprawl is a very interesting phenomenon to analyze as within a 
single metropolis the residents still maintain rather close proximity to all 
the consumption opportunities that the city or metropolitan area offers but 
rely predominantly on private driving and have more living space to be 
heated, furnished, and fi lled with domestic appliances.

In this study, we assess households’ GHG impacts by calculating their 
consumption-based carbon footprints, i.e., direct and indirect life-cycle 
greenhouse gas emissions either home or elsewhere, which are ultimately 
caused by consumption of products and services [39]. Following the lit-
erature, the footprints are calculated by combining the input data from 
a Finnish household budget survey with the environmentally-extended 
input-output [EE I-O] model ENVIMAT based on the Finnish economy 
[13,14]. The carbon footprints are further elucidated with a multivariate 
regression analysis. What we add to the previous discussions on sprawl 
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is the perspective of how emissions from consumption in its broad sense, 
beyond those from solely driving and housing energy, affect the GHG con-
sequences and their policy implications within a single metropolitan area. 
The study sheds light on the effects of proximity on consumption, suggest-
ing that, in denser agglomerations, indirect emissions from consumption of 
goods and services grow, as has been argued to happen on a country level 
[12]. Consumption-based approach is expected to facilitate the understand-
ing of urban lifestyles that are related to urban sprawl. We demonstrate that 
the GHG impacts of consumption vary by the type of dwelling, but the over-
all differences between low- and high-rise dwellers remain rather minor and 
much more equivocal than previously assumed. We believe that an under-
standing of both the differences and similarities in lifestyles offers important 
insights for sustainable policy-design and urban planning.

The structure of our paper is as follows: fi rst, the research design, i.e., 
consumption data, both the methods and research process, is presented in 
Section 2. The results are presented in Section 3, and a discussion follows 
in Section 4. We fi nish with conclusions in Section 5.

9.2 RESEARCH DESIGN

9.2.1 THE CASE AREA AND INPUT DATA

The selected case area, the HMA, with a population of over one million, is 
the capital region of Finland and consists of four cities: Helsinki, Vantaa, 
Espoo, and Kauniainen. It is known that the Helsinki region has spread out 
widely, and the spreading out still continues [15]. The area shares many 
traits with the globe’s biggest metropolises, the results thus giving indica-
tion of more general patterns. Furthermore, within such a clearly defined 
and geographically restricted area, some of the most uncertain assump-
tions of input-output technique, such as that of homogenous prices, are 
closer to reality. In addition, the HMA is interconnected by an extensive 
public transportation network, and possibilities to choose between private 
and public modes of transport are quite diverse, with free parking made 
available for those who need private cars to reach public transport hubs. In 
line with the sprawl hypothesis, the division of housing types within the 
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area is clear: the city core is dominated by apartment houses, and semi-
detached and detached houses are the main types of houses at the edge. 
Some key characteristics of the four areas can be found from the Table 1.

TABLE 1: Key characteristics of Helsinki Metropolitan Area (HMA) areas [36,46].

Helsinki Espoo Vantaa Kauniainen

Population size (31.12.2012) 603,968 256,824 205,312 8,910

Density (inhabitants per km2) 2,826 823 861 1,513

Apartment building of housing stock (%) 86 58 62 46

The input data consists of the latest Finnish Household Budget Sur-
vey data from 2006 [16]. The dataset is cross-sectional in nature, and 
alongside the actual detailed consumption expenditure data, arranged ac-
cording to the international COICOP (Classifi cation of Individual Con-
sumption by Purpose) classifi cation, the data contain a wide array of 
background and income information for each household. Budget Survey 
is a sample survey study that employs a one-stage stratifi ed cluster sam-
pling design. The fi nal sample size of the survey was 4,007 households. 
However, the original sample was double the size, and the magnitude 
of response was only 47.7%—a situation that can be described as under 
coverage. However, non-response bias can be signifi cantly reduced us-
ing weight coeffi cients, and systematic biases can be avoided. In order 
to allow generalization of our results, the weight coeffi cients are utilized 
throughout this paper.

In this paper, the sample of households is restricted to the HMA. Even 
if, with its approximately one million inhabitants, the Helsinki Metropoli-
tan Area is relatively small in size when compared to the world’s largest 
megacities, it has many characteristics of a metropolis: a little more than 
a third of Finland’s GDP is produced there, both the levels of education 
and wages are higher than the average, and there is an extensive public 
transport network. According to Alanen et al., the challenges of metropo-
lises are often different than in the rest of Finland, but similar to the other 
metropolises [17].
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In order to support our choice to restrict the sample to the Helsinki 
Metropolitan Area, it can be briefl y compared to the rest of the country. 
In short, the households in the metropolitan area are richer and smaller: 
the average household size in the HMA is 1.93, whereas it is 2.16 in the 
rest of country. Likewise, the average disposable income per household is 
€42,533 in the HMA, whereas it is €33,634 for the rest of country. Further-
more, for households living in the metropolitan area, the average amount 
of cars per household is more than a one-third lower than in the rest of the 
country and the share of carless households in the HMA is 20 percentage 
points higher, illustrating the availability of public transportation there. 
In our data, 59% of households living in Helsinki metropolitan area are 
homeowners. In the rest of the country the fi gure is 70%. Furthermore, in 
the metropolitan area, the share of households living in low-rise dwellings 
(i.e., in detached or semi-detached houses) is relatively low and is 38 per-
centage points lower than in the rest of the country.

Table 2 describes our sample data. The house types are divided to low-
rise and high-rise categories. The low-rise category consists of households 
living in either detached (n = 97) or semi-detached houses (n = 73), and the 
high-rise one refers to households living in apartment houses (n = 398).

TABLE 2: Descriptive statistics for high-rise and low-rise sub-samples.

Low-Rise (n = 170) High-Rise (n = 389)

Household characteristics:

Disposable income (€) 62 719 35 410

Consumption expenditure (€) 46 141 29 710

Average household size 2.45 1.75

Number of cars per household 1.00 0.51

Share of carless households 0.26 0.53

Share of households with children 0.37 0.19

Building type characteristics:

Average living area (square meters) 118.31 61.28

Per-capita living area (square meters) 48.28 35.05

Number of rooms per person* 1.93 1.53

Share of owner-occupied dwellings 0.81 0.51

*rooms [no kitchen] per a household member.
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In household characteristics, there are some interesting differences be-
tween sub-samples. As expected, households living in semi-detached or 
detached houses are the wealthiest and own the most cars, since the hy-
pothesis was that low-rise lifestyle is a lifestyle leading to car-dependency. 
Accordingly, more than half of the households in the apartment houses are 
carless, the precise fi gure being 53%, which indicates that the apartment 
houses in the Helsinki Metropolitan Area are, on average, located close 
to public transportation facilities. Furthermore, families with children are 
likely to live in the areas of sprawl, i.e., in detached or semi-detached 
houses, the share of families with children in apartment houses being less 
than one-fi fth. Interestingly, 42% of these high-rise households with chil-
dren are single-parent families.

In addition, housing type differences are rather expected. Average liv-
ing space in low-rise houses is 118.3 m2, almost twice the living area of 
apartment houses. When compared on per-capita level, the living area 
in low-rise houses is 1.4 times bigger than in high-rise ones. However, 
the actual difference is lower due to the fact that the apartment dwell-
ers use shared spaces, such as hallways and storage facilities, which are 
not included in these self-reported fi gures. Nevertheless, they also create 
GHG emissions. These common spaces in apartment buildings are taken 
into account in this paper by allocating the emissions from them for their 
residents. This allocation is based on offi cial statistics on the fi nance of 
housing companies [18]. There are also signifi cant differences in the share 
of owner-occupied dwellings between the sub-samples. As expected, the 
majority (81%) of people living in low-rise buildings are home-owners 
and, thus, urban sprawl seems to be linked with the proliferation of owner-
occupied houses at the expense of rented houses. On the other hand, the 
division between tenants and homeowners in apartment houses is approxi-
mately half and half.

9.2.2 ENVIRONMENTALLY EXTENDED INPUT-OUTPUT 
MODEL

In this paper, we apply an environmentally extended input-output (EE I-O) 
model, called ENVIMAT, which has been recently developed for the Finn-
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ish economy [13,14]. The environmentally extended input-output analysis 
is one of the possible approaches of life-cycle analyses (LCA) that mea-
sure the direct and indirect environmental impacts, i.e., the impacts from 
cradle to grave, of a functional unit under consideration [19,20]. Besides 
the environmentally extended input-output analysis, LCAs can be done 
with a process-based life-cycle analysis, and these two when combined are 
referred to as hybrid-analysis [19].

The environmentally extended input-output method is based on the 
input-output tables for national economies and related environmental im-
pact categories. The EE I-O method is often referred to as a “top-down” 
method, and it measures the product fl ows in monetary units [20,21]. Usu-
ally the benefi ts of the EE I-O method are said to be its capability to give 
an overview of the life-cycle effects of production and consumption of an 
economy, lack of problems related to system boundaries and truncation 
errors, and the easiness and repeatability of calculations once the model is 
developed [19,22].

The EE I-O model applied in this article, ENVIMAT, is developed by 
the Finnish Environmental Institute, University of Oulu’s Thule Insti-
tute and MTT Agrifood Research Center. It measures the direct and in-
direct life-cycle environmental impacts caused by the Finnish economy. 
We utilized the 2005 consumer-price version of the model that has 52 
commodity groups, classifi ed according to international COICOP clas-
sifi cation (Classifi cation of Individual Consumption by Purpose), and 
related GHG emission intensity for each sector (emission per monetary 
amount used to sector). In the consumer-price version of the model the 
intensity quantifi es the amount of life-cycle emissions, both direct and 
indirect, caused by one euro consumed to a product or service. Contrary 
to producer-price based version these intensities also take into account 
the GHGs caused by retail and transportation. All the intensities can be 
found from Seppälä et al. [13] The expenditure data is also organized 
according to the COICOP classifi cation, so the model-data fi t is excel-
lent. In addition, one of the advantages of ENVIMAT is that it relaxes 
the often-problematic domestic technology assumption [DTA-assump-
tion] and uses a hybrid approach that distinguishes between domestic 
and foreign production technologies [13,14]. However, EE I-O models 
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have some built-in weaknesses and uncertainties that are discussed later 
in the paper.

9.2.3 MULTIVARIATE REGRESSION ANALYSIS

This section discusses our empirical approach, which is based on multivar-
iate regression analysis where the dependent variable is per-capita green-
house gas emissions, e.g., the carbon footprint. The regression analysis is 
employed to further analyze the calculated footprints and to find out which 
factors actually affect them. As our starting point, we use the non-linear 
exponential relationship between environmental impact and households’ 
expenditures [23,24,25,26]:

Yi = A0 × Ei
1 × f1(D1) × f2(D2) × i                                                         (1)

The dependent variable Y is per-capita carbon footprint, A is constant, 
E is per-capita expenditure, and dummy variable D1 refers to housing type 
and D2 refers to household size. For dummy variable fi = exp(ηDi), and for 
multiplicative error term εi = exp(ui).

The non-linear relationship of (1) is linearized with natural logarithm 
transformation. The transformed model satisfi es the assumptions of a gen-
eral linear model, and thus the parameters can be conveniently estimated 
using the highly developed theory of linear relationships. We follow the 
literature and obtain the following equation:

lnYi = β0 + β1 lnEi + D1+ D2+ ui                                                               (2)

For the log-transformed equation (2), an estimate for slope β and par-
tial regression coeffi cient for explanatory dummy variable (Di) can be ef-
fi ciently estimated with weighted least squares (WLS). One of the benefi ts 
of the log-log model (2) is that the estimate β for continuous explanatory 
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variable is elasticity, which in our case tells us the value of the so-called 
expenditure elasticity of carbon, i.e., it describes how much a relative 
change in expenditures will affect the relative demand for the dependent 
variable. The reported standard errors are heteroskedasticity robust.

9.2.4 RESEARCH PROCESS

First, we calculate the carbon footprints of the Helsinki Metropolitan 
dwellers by combining greenhouse gas intensities, derived from the EN-
VIMAT-model, with household budget survey data. This is done by aggre-
gating expenditure data’s categories to match the 52 COICOP categories 
of ENVIMAT and then multiplying expenditures with the corresponding 
ENVIMAT sector’s value of greenhouse gas intensity (CO2 equivalents 
per euro). It has been broadly acknowledged that combination of the two 
allows the assessment of the amount of greenhouse gases that consump-
tion choices cause both directly and indirectly [23,24,25,26].

However, we made certain modifi cations to the straightforward input-
output method. Firstly, we multiplied the living area reported by each 
household in the sample by the average rent in the HMA [27] to erase 
the bias resulting from variations in the housing price levels within the 
area. Secondly, the households not living in owner-occupied detached 
houses pay a signifi cant share of their electricity, heating, and building 
maintenance with their housing management fees or rents [47]. By utiliz-
ing living space information reported by each household and the average 
expenditure per square meter per month information on what residents are 
paying for with their management fees from statistics of housing com-
panies [18] we estimated additional heating, electricity, and maintenance 
expenditures for those living in semi-detached or apartment houses. How-
ever, there remains a certain level of uncertainty related to the fact that the 
heating methods differ, as, naturally, different forms of energy have differ-
ent CO2-profi les. For example, relatively CO2-effi cient district heating is 
the prevailing mode for apartment houses but less widespread among low-
rise houses. However, the share of district heating is as high as 57% even 
in the low-rise area, and the rest of the area is mainly heated by electricity. 
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Thus, we believe that the uncertainty remains at tolerable levels and do not 
take these differences into account in our analysis.

We also made one modifi cation to the E-E I-O model itself. We noticed 
that when using the original model signifi cantly high amounts of emis-
sions were assigned to some households and we traced down these to the 
fact that household had high expenditure on hot water, district heating, 
or natural gas. The related ENVIMAT intensity of 34.6 kgCO2-eq/euro 
is clearly higher than the intensities of other groups whose average is 0.5 
kgCO2-eq/euro. This turned out to be a model error and we corrected sec-
tor’s intensity to 4.3, according to the information received from the model 
developer [50].

In this paper, we associate owner-occupied detached-house living with 
sprawl. Furthermore, instead of looking only at average footprints, we 
analyze footprints’ direct and indirect shares based on building type. With 
the direct share we refer to energy demand for home, second home, sum-
mer house, and gasoline for private cars. The indirect share consists of all 
the rest, i.e., greenhouse gases caused by consumption of products and 
intangible services. In the earlier literature on sprawl, heating and private 
driving have been widely discussed, whereas the aforementioned indirect 
consequences of lifestyles have been predominantly ignored, and thus this 
paper is a step forward. However, a similar direct-indirect distinction has 
been used by e.g., [28] and [29]. With this setting, we can analyze whether 
the lifestyles in the sprawl areas differ from the rest of the metropolitan 
area, in terms of both direct and indirect emissions. Furthermore, conclu-
sions from the overall GHG impacts of sprawl in the HMA can be drawn.

More precisely, the direct categories are energy and fuels for private 
driving. Energy demand refers to electricity, gas, liquid, and solid fu-
els, and heat energy requirements. The indirect categories are housing, 
tangibles, food and beverages, and intangibles. The housing category 
consists of all non-energy expenditures related to housing, i.e., rentals, 
maintenance and repair of the dwelling, and miscellaneous services re-
lating to the dwelling. Tangibles include all the products not included 
in the food and beverage category. Intangibles are services of all kinds. 
When the results are presented in the next chapter, the direct GHG cat-
egories are indicated with letter D in brackets, and letter I in brackets 
denotes indirect categories.
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We then further analyze these footprints with a multivariate regres-
sion technique in order to study how expenditure and household size 
affect the footprints of different types of dwellers. This tradition dates 
back to the 1970s when the fi rst study of direct and indirect energy 
consumption of U.S. households was done [30]. In addition, more 
recent examples of such regression can be found from the literature 
[22,23,24,25,31,32]. However, our analysis is the fi rst such analysis fo-
cusing on the within metropolitan area differences, with a special atten-
tion to house types.

TABLE 3: Statistics for sub-samples according to the housing type.

Low-Rise (N = 170) High-Rise (n = 397)

Mean SE Mean SE

Total carbon footprint 14.83 1.07 12.98 0.46

Energy (D) 3.66 0.44 3.10 0.13

Fuels (D) 1.14 0.14 0.86 0.08

Housing (I) 3.58 0.24 3.12 0.12

Intangibles (I) 2.31 0.29 2.36 0.16

Food and beverages (I) 2.13 0.13 1.86 0.06

Tangibles (I) 2.01 0.22 1.68 0.10

9.3 RESULTS

According to our assessment, the average of annual per-capita carbon 
footprint of a Helsinki Metropolitan dweller is 13.5 t CO2-eq, with 95% 
confidence interval, ranging from 12.6 t CO2-eq to 14.3 t CO2-eq. De-
spite the remarkable differences in disposable income levels for low-rise 
dwellers, the average footprint of low-rise dwellers is only 1.8 t CO2-eq–or 
14%–larger than that of high-rise dwellers. The average for low-risers is 
14.8 t CO2-eq and 13.0 t CO2-eq for high-risers.

Besides looking at the average fi gure, we decompose the footprints to six 
sub-categories, of which two are direct and the remaining four indirect, as ex-
plained earlier. Following the overall result, the partial footprints of low-rise 
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dwellers in all the direct sub-categories exceed those of high-rise dwellers. 
Here, the differences between sub-samples are the biggest in the direct en-
ergy category. The picture of dweller-type differences is rather similar when 
looking at the indirect categories, with an exception of the sub-category of 
intangibles where the footprint of high-rise dwellers slightly exceeds the 
footprint caused by service demand by those living in the low-rise houses. 
The averages of these sub-category GHG emissions are presented in Table 3.

TABLE 4: Results from regression models 1–3.

Regression 1 Regression 2 Regression 3

Variable Estimate SE % 
effect

Estimate SE % 
effect

Estimate SE % 
effect

ln
(E/capita)

0.82*** 0.02 0.82*** 0.02 0.78***

Dwelling (low-rise)

high-rise 0.01 0.03 1.0 −0.03 0.03 −3.3

Dwellers (1 person)

2 persons −0.04 0.03 −3.9

more 
than 2

−0.16*** 0.03 −15.2

N 568 568 568

R2 0.7954 0.7955 0.8122

*** Statistically significant at 0.001 level.

One of the most interesting observations about Table 3 is that the ab-
solute amount of greenhouse gases traceable to indirect products and ser-
vices is relatively stable for both dweller types. Even though the mean 
disposable income of high-rise dwellers is clearly lower than that of low-
rise dwellers, the differences in the amounts of emissions embodied in 
consumed products and services are fairly moderate. An equally interest-
ing matter is the difference in GHG’s from fuel combustion for private 
driving: the difference between low-rise dwellers and those living in apart-
ment houses is only 0.3 t despite the signifi cant difference in the number of 
cars possessed on average. In order to further demonstrate the differences 
between dwellers living in different types of houses, we plot the percent-
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age shares of home energy use, fuel, and emissions embodied in consump-
tion of products and services. The results are presented in Figure 1.

From Figure 1, it can be concluded that there are no substantial dif-
ferences in the relative sources of greenhouse gas emissions. Actually, all 
the sub-category shares are rather constant, and the differences are two 
percentage points at their largest. Figure 1 also tells us that the emissions 
from indirect sources constitute approximately two-thirds of the total car-
bon footprints, whatever the type of dweller or dwelling. Energy and hous-
ing are the two most important sub-categories, alone covering half of the 
carbon footprint.

The next steps of our analysis are the regression analyses based on 
equation (2). When dummy variables are included, the chosen categories 
are compared to the reference group in parenthesis and the percentage 
difference in carbon footprints is approximated with p = 100(expβ-1) 
[38]. First, we perform a univariate regression with logarithmic per-capita 
expenditure (regression 1). This is followed by multivariate regressions 
where dwelling type (regression 2) and household size (regression 3) are 
added to explanatory variables. The results are presented in Table 4 below.

In the regression model 1 the average expenditure elasticity of an HMA 
resident is 0.82, meaning that a 10% increase in expenditure is related, 
on average, to an 8.2% increase in consumption-based greenhouse gas 
emissions. Thus, carbon footprints, even if due to indirect demand, can be 
defi ned to be due to normal goods with expenditure elasticity very close to 
unity. In regression 2, a dwelling-type dummy is added to the model. When 
compared to the reference group, that is low-rise dwellers, the estimate for 
high-rise gets a positive sign, meaning that, when controlling the amount 
of expenditure, the carbon footprints of high-rise dwellers are slightly 
larger than those of low-rise dwellers. Furthermore, when a household size 
variable is added to the model, the result turns around and the explanatory 
power of the model increases, as presented in regression model 3. Now, 
the footprints of high-rise dwellers are 3% lower than those of high-risers. 
The role of household size has a dominant role in the results and seems to 
have a clear effect on the carbon footprint of different dwelling types. In 
the literature, it has been suggested that there are so-called economies of 
scale in GHG’s, implying that the coeffi cients on bigger household sizes 
should be negative. Likewise, in our model the coeffi cients on household 
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size get negative values, but the immediate impact is rather small, as the 
per-capita carbon footprints are only 4% smaller in a two-person house-
hold when compared to a single-person household. However, the coef-
fi cient is not statistically signifi cant. The main effi ciencies related to the 
size of a household become apparent in households with more than two 
members, their total per-capita carbon footprint being 15% smaller than 
that of single dwellers. The difference is statistically signifi cant.

We also control the wealth level with income per capita. The results 
are presented in Table 5 below. These income elasticity values are smaller 
than those for expenditure, but in general the results are in line with the 
results presented in Table 4. The average income elasticity is 0.60, mean-
ing that a 10% rise in per-capita disposable income is related to a 6% 
increase in carbon footprint. This is related to the role of saved income. It 
might also be possible that time restricts the growth in purchases when the 
disposable income increases above a certain level. Therefore, not enough 
free time is left for consuming the increasing income (see further e.g., 
[33]). When income, instead of expenditure, is controlled, the effect of 
household size grows slightly. The effect of dwelling-type remains rather 
minor and statistically insignifi cant.

TABLE 5: Results from regression models 4–6.

Regression 4 Regression 5 Regression 6

Variable Estimate SE % 
effect

Estimate SE % 
effect

Estimate SE % 
effect

ln
(I/capita)

0.60*** 0.02 0.60*** 0.03 0.56*** 0.03

Dwelling (low-rise)

high-rise 0.02 0.03 2.5 −0.03 0.03 −2.9

Dwellers (1 person)

2 persons −0.06 0.03 −5.5

more 
than 2

−0.19*** 0.04 −17.6

N 568 568 568

R2 0.6107 0.6112 0.6338

***Statistically significant at 0.001 level.
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Finally, we analyze how direct and indirect emission shares behave 
when analyzed at the disaggregated level. We use the disaggregated per-
capita emission and corresponding expenditure shares on the direct and 
indirect consumption categories instead of looking at the aggregated per-
capita carbon footprints and expenditure levels. The models are of type 
(2), where the dependant variable is either the direct share of the carbon 
footprint (regression 7) or the indirect share of it (regression 8). Likewise, 
E is either direct or indirect per-capita expenditure, and dwelling-type and 
number of dwellers are used as dummy explanatory variables. The results 
are presented in Table 6 below.

TABLE 6: Results from regression models 7–8.

Regression 7 Regression 8

Variable Estimate SE % effect Estimate SE % effect

ln(Edirect/capita) 0.76*** 0.02

ln(Eindirect/capita) 1.00*** 0.01

Dwelling (low-rise)

high-rise 0.01 0.03 0.9 0.04*** 0.01 3.8

Dwellers (1 person)

2 persons –0.14*** 0.02 –12.8 0.01 0.01 0.9

more than 3 –0.28*** 0.02 –24.6 0.01 0.01 0.7

N 568.00 568.00

R2 0.8930 0.9590

***Statistically significant at 0.001 level.

Indirect emissions grow more steeply with expenditure level than do 
the direct ones. The direct expenditure elasticity is 0.76, meaning that a 
10% rise in expenditure in housing energy and private driving is related 
to a growth of 7.6% in direct emissions. The corresponding fi gure for in-
direct emissions is 1, meaning that indirect GHGs grow linearly with ex-
penditure on products and services. The dwelling type variable tells us that 
high-risers have on average 1% higher direct emissions when the amount 
of expenditure on direct categories is constant. The results is surprising 
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as one could, based on earlier studies hypothesize lower direct emissions 
for high-rise dwellers. The tendency is similar for indirect GHGs, but the 
effect is more pronounced and statistically signifi cant, which seems logi-
cal as the growing consumption could be expected to be directed more 
towards indirect consumption. Living in high-rise buildings leads here, 
on average, to 3.8% more of indirect emissions. Further, for direct emis-
sions the number of dwellers plays a greater role than the type of dwell-
ing, which, based on the earlier results above, also seems to be logical. 
Following the economies of scale hypothesis, those living in a two-person 
household are responsible, on average, for 13% less emissions per capita 
than those living alone. Noticeably, these economies of scale are not pres-
ent when indirect emissions are explained in regression 8, which could be 
expected since the economies of scale typically have more direct infl uence 
on fi xed costs (close to direct emissions here) than variable costs (close 
to indirect emissions here). Coeffi cients on household size carry positive 
signs but lack statistical signifi cance. To sum up, it seems that there are 
factors related to high-rise lifestyle factors that can lead to higher indi-
rect emissions. Direct emissions are more or less related to household size 
alone, and dwelling type’s role remains insignifi cant when the infl uence of 
household size is separated.

9.4 DISCUSSION

9.4.1 THE GHG IMPACTS OF URBAN SPRAWL IN HMA

The purpose of this paper was to explore how the phenomenon of urban 
sprawl is reflected in the GHG emissions of the residents of the HMA in 
Finland. For this purpose, the HMA was divided according to the housing 
type. We followed a premise that living in detached and semi-detached-
houses can be typified as living in less dense sub-urban areas where the 
proximity to services is lower and public transportation networks are less 
efficient. This mode of living thus represents the features of sprawl that 
are considered the most negative in an intraurban context. Consumption-
based GHG’s were assessed with the EE I-O LCA-model and further elab-
orated with a multivariate regression analysis.
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Our results suggest that there are differences in the characteristics 
and lifestyles of metropolitan households by type of dwelling but some 
of these are not as explicitly evident when the actual GHG consequences 
are assessed. Our case area, the HMA, is a rather typical metropolis with 
a sprawling urban structure that, at the same time, has multiple positive 
features typical to metropolitan areas, the most important being its ef-
fi cient public transportation network. Our results also highlight that, in 
order to make policies aimed to reduce GHG emissions, the structures of 
carbon footprints have to be kept in mind. The indirect part accounts for 
two-thirds of the footprint of a metropolitan dweller, and thus it should 
not be overlooked.

Looking at the averages, our results indicate that low-rise dwellers have 
higher carbon footprints than high-rise dwellers. The low-rise residents 
tend to be households with higher income, more children, and living in 
owner-occupied houses. However, the differences in the average amount 
of GHGs, both in absolute and relative terms, between the low-rise and 
high-rise dwellers are rather moderate compared with the fi gures from 
earlier literature. Many authors suggest that less-dense suburban living is 
approximately two times more energy- or GHG-intensive than inner-city 
living [3,4,10,34]. VandeWeghe and Kennedy [5], for example, come up 
with a yearly difference of 1.3 t CO2-eq and smaller for those living in in-
ner Toronto. Their result is rather close to our estimation of 1.8 t CO2-eq.

To some extent, our results also support earlier results stating that both 
the distances driven and the use of private vehicles increase in sprawling 
areas [5,6,7]. However, according to our assessment these differences in 
emissions due to private transportation are remarkably small, indicating 
that private driving-related gains from higher density are moderate at best. 
This may also suggest that the better public transportation and better pos-
sibilities for walking and bicycling available for inner-city dwellers are 
not utilized up to their fullest potential. For example Kyttä et al. [35] sug-
gest that Helsinki metropolitan dwellers rank smoothness of walking and 
bicycling very high, and indeed there has been attempts to make Helsinki 
more biker-friendly in recent years.

Our main results and key fi ndings, however, were revealed when con-
trolling for expenditure or income levels. Firstly, low-rise living is not 
unambiguously related to more GHG emissions than high-rise living. Ac-
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tually, our regression models indicate that when expenditure or income 
levels are kept constant the high-rise dweller might produce equal or even 
slightly higher amounts of CHGs than the low-rise dweller. However, there 
was only one specifi cation (regression 8) where the estimate for dwelling 
type had statistical signifi cance. That told us that when the amount of ex-
penditure on the indirect categories is kept constant the indirect footprints 
of high-rise dwellers are 4% higher than of those living in low-rise build-
ings. Secondly, household size, which in our case is usually larger in the 
low-rise living subset, seems to have a major effect on GHGs that are due 
to home energy and private driving. Economies of scale in household size 
are most unambiguous for households with at least three persons. Their 
per-capita carbon footprints are at least 15% smaller than those of people 
living alone, depending on the specifi cation. The benefi ts of larger house-
hold size are most clearly seen when looking at the direct emissions, and 
the often-stated sharing of resources is not apparent when consumption of 
products and services alone is investigated. Thirdly, compared to house-
hold size, dwelling type is of minor importance.

Our analysis demonstrates that there are differences between low-rise 
and high-rise dwellers also within the metropolitan area. It is, however, 
worth asking if the differences between the two are to some extent over-
emphasized, at least in the public debate? Our results suggest that the life-
styles within a metropolis and especially their GHG consequences do not 
vary as much as the background variables would suggest. On the one hand, 
it seems that those living in city centers make the most of consumption 
possibilities and less of the low-carbon possibilities available to them, and 
e.g., the potential for household-size scale benefi ts such as resource-shar-
ing is not made use of. On the other hand, those living in sprawl areas are 
responsible for higher GHG emissions from housing energy and private 
driving, as is often stated.

However, even if we believe that our paper brings out important insights 
on how consumption patterns and their environmental consequences vary 
with building type, the disparities within each category cannot be neglected. 
Precisely, the less wealthy, whatever their housing conditions were, are not 
likely to generate great amounts of greenhouse gas emissions.
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9.4.2 LIMITATIONS

One of the main methodological limitations of the paper is related to I-O 
assumption of homogenous prices. Even when a relatively limited area is 
considered, like the HMA in this paper, it is clear that the monetary quan-
tity does not indicate the quality and even less the GHG consequences. 
The assumption probably overestimates greenhouse gas implications of 
the occupants of the wealthiest households, most of whom live in detached 
houses, and are likely to buy more expensive goods. The EE I-O method 
assumes that an item that costs 10 times more also causes 10 times more 
emissions. However, since the area of the study is relatively limited, it can 
be concluded that prices in sectors such as transportation and services are 
likely to be rather homogenous. For example, regional wage differences 
are not present.

There are also other assumptions than that of price homogeneity that 
are well-known weaknesses of EE I-O models [21]. However, for example 
the bias related to high level of sector aggregation can be argued to be at 
a tolerable level. Su et al. [40] suggest that reliable estimates can be pro-
duced when the number of I-O sectors is at least 40. The EE I-O model 
utilized in this paper, therefore, meets this criterion with its 52 sectors. In 
addition, it has been pointed out that the errors tend to be at least partially 
negated when the fi nal results are presented at a higher level of aggrega-
tion [41].

Lacking exact spatial data on how households on our data are located, 
the results of this paper are based on a strong assumption about how the 
different building types are, on average, located within the Helsinki Met-
ropolitan Area. The obvious problem is that there are high-rise buildings 
that are located at urban edge and vice versa. Furthermore, the distances 
to centers from low-rise areas vary, and low-rise areas located at farthest 
corners of HMA, like those in Kauniainen, represent sprawl more self-
evidently than those located at some of the Helsinki’s suburbs. For ex-
ample, for those living further afi eld from the city cores, the distances 
driven and the resulting emissions are likely to increase. However, we be-
lieve that our results give indications of general patterns since in the HMA 
apartment houses are almost invariably located in the centers of the HMA 
cities (Helsinki, Espoo, Vantaa, and Kauniainen), the share of apartment 
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houses being highest in the capital (86%) [36]. Furthermore, according to 
the most recent National Travel Survey, for the apartment dwellers in the 
HMA the average distance to the nearest public transport stop is 0.29 km, 
the corresponding fi gure for low-riser dwellers being 0.55 km [37]. This 
indicates that our hypothesis is rather accurate.

It is worth noting that this paper restricts itself to a static analysis of 
the lifestyles with their GHG consequences. Our calculations are limited 
to consumption-based greenhouse gas emissions, referred as carbon foot-
prints, and do not take into account e.g., the environmental pressure from 
increased land use and following changes in carbon stock [48]. Often, 
the term urban sprawl refers to green fi eld development, meaning new 
residential development taking place at the urban edge. Where sprawling 
areas replace former open or agricultural lands multiple environmental 
consequences arise (see e.g., [49]). Furthermore, the expanding urban ar-
eas replace former green areas and also the CO2 storage potential of these 
areas is lost or decreased. In addition, the carbon footprint comparisons 
in this study do not include the “carbon spike” related to construction of 
new infrastructure and buildings, be they located either in city centers or 
sprawling areas, even if this carbon spike is estimated to be quite substan-
tial [42,43].

We use a rather limited amount of explanatory variables to explain car-
bon footprints. However, the literature includes a wide array of variables: 
e.g., education level, car ownership, and age [23,25]. However, none of 
these have been found to be of a similar importance as the level of expen-
diture and household size. Furthermore, analyses are often complicated by 
issues of multicollinearity and endogeneity.

Finally, we would like to highlight that our analysis is static and is not 
meant to be an analysis of change. Our results indicate an existence of an 
empirical relationship with given methodology in given point of time–it is 
unknown whether the results would recur e.g., in other countries. It must 
be kept in mind that the households who live in different environments are 
likely to differ in other ways as well. For example, it is impossible to assess 
to which extent the differences in carbon footprints are related to housing-
types and not to households themselves. Living in the city core is also a 
lifestyle choice. For example, in the United States the liberal and environ-
mentally-conscious prefer higher density areas with good public transport 
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connections [44] that can be considered to be an example of self-selection. 
This demonstrates the fact that people in green communities, for example, 
can have lower carbon footprints due to either selection or treatment effects. 
Here, treatment effect refers to a situation where the environment a person 
lives in has, for one reason or another, an effect on his or her behavior.

9.5 CONCLUSIONS

According to the study, the phenomenon of urban sprawl is, to some ex-
tent, revealed in the increased carbon footprints of suburban dwellers. 
However, our regression models indicate that when expenditure or income 
levels are controlled the suburban dweller might actually produce equal 
or even slightly lower amounts of GHGs than an inner-city dweller. More 
importantly, household size and the resulting economies of scale effects 
seem to have by far the greatest effect on carbon footprints.

Notwithstanding certain defi ciencies that cause uncertainties in the cal-
culations of carbon footprint and keeping in mind that our calculations do 
not take into account environmental consequences from increased land 
use and following changes in carbon stocks, some important policy im-
plications arise. It would seem that the emissions from private driving de-
crease surprisingly moderately in the dense areas within the HMA, while 
living in an apartment house is related to lower emissions from housing 
energy consumption. Thus, controlling buildings’ energy effi ciency would 
be of primary importance in preventing the negative effects of sprawl. On 
the other hand, either the available public transportation facilities may not 
be utilized up to their fullest potential or there still is room for improve-
ment in the supply side. Using a private vehicle should be unnecessary in 
the densest areas. In addition, according to this study, the differences in 
indirect emissions from consumption of products and services are very 
small despite the large differences in disposable incomes. This suggests 
that proximity or other lifestyle-related factors may increase consumption 
of products and services and their indirect GHG consequences especially 
in city cores. All in all, consumption habits with their GHG consequences 
are surprisingly uniform across the HMA. Thus, instead of discussing only 
the differences between high-rise and low-rise areas, it would be essential 
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to address why metropolitan areas have not yet fulfi lled the great climate-
change mitigation expectations imposed on them. The aim of the paper is 
not to deny the benefi ts of high-rise high-density policies but to discuss 
whether low-rise and not-as-high-density policies could and should act as 
complements to them. Our results suggests that if families that feel that 
they benefi t from living in the suburban areas (there are also families that 
feel the opposite) moved to apartment houses, the fi nal outcome, ceteris 
paribus, would remain almost the same at least when the viewpoint of 
consumption-based greenhouse gas emissions is taken. That is to say, an 
ideal metropolitan area would be an area where those living at the city 
core would not need a car and the benefi ts of closeness would stem from 
growing communality not from growing consumption. At the same time, 
those living in the suburban areas would live energy-effi ciently and take 
an advantage of household size scale benefi ts as well as positive health 
effects of the proximity of green areas [45]. Finally, this leads to a conclu-
sion that actually more detailed information about different lifestyles and 
about the connections between the urban form and the lifestyle choices of 
households is needed in order to understand and mitigate the GHG con-
sequences of urban sprawl. Sprawl is a complex phenomenon that is too 
often over-simplifi ed to a single factor such as private driving.
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CHAPTER 10

10.1 BACKGROUND

A sustainable future for cities significantly depends upon the integration of 
energy efficiency in regional and urban planning. About 40% of the final 
energy demand is needed to heat and power homes. This represents a ma-
jor source of greenhouse gas emissions, making energy savings in the field 
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of residential development a key element of the European climate change 
strategy [1]. In this context, Europe is also faced with the challenge of im-
plementing growing amounts of intermittent power sources such as micro-
solar and wind sources in the electricity grid. The generation of renewable 
energy is characterized by intermittency; therefore, it is imperative that a 
mix of sources should be selected and used along with the suitable energy 
storage mechanisms in order to best utilize the available renewable energy 
resources and ensure the continuity of supply [2].

Two European projects exemplify the state of the art in the energy-
effi cient residential development: the BedZED development in the south 
of London and the Vauban development in Freiburg, Germany. These two 
eco-districts are globally recognized to be models for sustainable envi-
ronmentally oriented planning using solar energy (photovoltaics and solar 
thermal collectors). In the BedZED project, the use of solar energy is max-
imized through the integration of solar cells into the vertical south-facing 
facades and also through a large installation on the south-facing roofs [3].

In Freiburg, the principles of energy savings and solar optimization 
are early considered in the planning phase of housing development, e.g., 
by defi ning the orientation and position of buildings or by obligatory low-
energy construction requirements [4]. These urban multi-residential hous-
ing developments are not only models for energy saving, but they also take 
into account social and economical aspects.

However, the geographical distribution of the renewable energy po-
tential is rarely considered or estimated in the planning of new residential 
areas [5,6]. Also, in selecting the location, environmental criteria in com-
bination with micro-renewable potentials are still neglected.

Therefore, the state of the art in the fi eld of energy effi ciency [7,8] may 
be advanced by combining the different energy sources in new housing de-
velopments and planning their location by estimating the energy potential 
available for the whole area under consideration. Renewable energy sup-
ply is site-specifi c and variable [9]. A restriction on secure supplies from 
single renewable energy sources is their output variability. Supply insecu-
rity can be increased by demand variability, especially where this corre-
lates with times of high energy output by renewables, better predictability 
of their generation output, and the complementarities of different power 
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sources. Also, the combination of different renewable energy sources can 
increase the supply security.

In recent years, several renewable energy potential mapping method-
ologies have been developed (e.g., solar irradiation and wind estimation, 
geothermal and biomass energy) [10-12]. These methods can be used for 
complementing the urban planning approaches. However, the methodolo-
gies have been developed for very small scales and cannot be applied un-
modifi ed for selecting new housing locations [13]. Therefore, it is neces-
sary to either adapt the existing methodologies or develop new ones.

Energy effi ciency should be integrated from the start of the land use 
planning process in order to guide the future development to support the 
sites with the best potential for using renewable micro-generation. These 
potentials can be developed in a sustainable way by using multicriteria 
evaluation methods in a Geographical Information System (GIS) to help 
optimize new settlements in terms of multi-functionality. There is a his-
tory of research using such multicriteria evaluation techniques to support 
collaborative decision-making processes by providing a framework where 
stakeholder groups can explore, understand, and redefi ne decision prob-
lems with respect to housing location [14,15].

The development and testing of a methodology for an integrated ap-
proach to energy-effi cient residential development planning is the main 
objective of the research presented here. Both optimizing the location of 
new housing development with regard to energy supply and other sustain-
ability criteria as well as optimizing the mix of micro-renewables need to 
be facilitated. Consequently, the main research questions addressed are

• How to calculate the geographic distribution of energy potentials? How 
to produce energy potential maps? How to identify the best energy mix 
combinations? Which criteria and algorithms are needed for identifying the 
theoretical energy potential in terms of the different energy sources?

• Which environmental and landscape criteria are considered most relevant 
for the assessment of new housing development with micro-renewable 
technologies?

• How to support decision makers or planning in the challenge of including 
multiple criteria in housing development decisions?

Accordingly, this paper describes
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• Methodologies (existing, adapted, or newly developed) to estimate the mi-
cro-renewable energy potentials in a spatially explicit manner.

• Methodologies for identifying the suitable areas for new sustainable settle-
ments using micro-renewable technologies which enable to support deci-
sion makers in planning.

The results of testing these methods are presented for the region of 
Cagliari in Sardinia.

10.2 METHODS

10.2.1 GENERAL METHODOLOGICAL APPROACH

Part of the approach is not only based on the existing, originally small 
scale, but also on methods for energy potential assessment, which were 
pre-tested in the Hannover region (by Master students in cooperation with 
the State Office for Mining, Energy and Geology (LBEG) [16]. In a sec-
ond step, the methods were adapted to local/regional scale planning. As 
there was no suitable method for assessing the bioenergy potential, a new 
method was developed. This resulted in assessments of the theoretical (po-
tential) supply. Because of the existing technical, ecological, economic, 
and social restrictions, such theoretical amounts can only be exploited up 
to a certain percentage [17].

Expert preferences were used to weight multiple assessment criteria for 
housing developments. These preferences were obtained through a survey 
conducted with students, academic planners, regional planners, and public 
authorities in Italy, Germany, and the UK. This expert-based approach was 
chosen because in most European countries, no clear-cut standards exist 
about the suitability of micro-energy generation in residential areas (in 
contrast, e.g., to emission standards). Expert opinions were a simple way 
of priority setting in such complex decisions. In addition, such a method 
allows the results of different preferences to be modeled and local or re-
gional stakeholder opinions and interests to be included.

The energy potentials and expert preferences were ultimately com-
bined in a GIS-based analysis to identify the most appropriate housing 
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sites on a regional scale. This analysis made use of multicriteria evaluation 
(MCE) techniques which are one of the most common GIS-based tools. 
They have been used to support decision making on complex problems 
such as site selection, land suitability, resource evaluation, and land al-
location [18-22]. Over the last two decades, several MCE methods have 
been implemented in a GIS environment, including weighted linear com-
bination (WLC) and its variants [23-27] and ideal point methods [28,29]. 
Among these procedures, WLC and Boolean overlay operations, such as 
intersection (AND) and union (OR), are the most widely used [15,21] and 
were adopted in this research.

TABLE 1: Input data for the energy potential estimation

Data Scale/unit Data origin

Digital elevation model (DEM 90) 90 × 90 m CGIAR Consortium for Spatial Information

Wind speeds at 25 m m/s Aeolic Italian Atlas

Geological map 1:200,000 Earth Science Department (Cagliari University)

Land use 1:25,000 Region of Sardinia

Irrigation map 1:25,000 Region of Sardinia

10.2.2 DATA

The eastern metropolitan area of Cagliari (Figure 1) covers 591 km2 in the 
south of Sardinia and has a population of 322,392 inhabitants [30]. Ca-
gliari is the capital of Sardinia, situated at the southern shore of the island 
and has 157,222 inhabitants [30].

The region is characterized by rural areas around the cities with a large 
amount of agricultural land (around 46.72%). Other uses, such as residen-
tial, commercial, and industrial areas, cover about 40% (land use data, 
region of Sardinia).

Table 1 lists the main geographical data sources used for the regional 
assessment. These were supplemented by shape fi les from the Regional 
Landscape Plan of Sardinia, scale 1:10,000.
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FIGURE 1: Eastern metropolitan area of Cagliari.
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10.2.3 ADAPTATION OF AN EXISTING METHODOLOGY 
FOR IDENTIFYING THE SPATIAL SOLAR ENERGY POTENTIAL 
UNDER LOCAL-SCALE CONDITIONS

The solar potential raster maps were calculated from the r.sun model. The 
pvgis database, derived from the Photovoltaic Geographical Information 
System–Interactive Maps [31], was used to validate the data. The algo-
rithm used to calculate the solar irradiation was implemented in the open-
source GIS software GRASS, where the beam irradiance normal to the 
solar beam B0c (in watts per square meter) is attenuated by cloudiness at-
mosphere and calculated in the model as in Equation 1 [31]:

B0c = G0exp{−0.8662 TLK m dR(m)}                                                         (1)

where G0 is the extraterrestrial irradiance normal to the solar beam (in 
watts per square meter), −0.8662 TLK is the Linke atmospheric turbidity 
factor, m is the ‘optical air mass,’ and dR(m) is the ‘Rayleigh optical thick-
ness at air mass m.’

The r.sun model operates in two modes. In mode 1, the model calcu-
lates the instant time (in seconds) of raster maps of chosen components 
(beam, diffuse, and refl ected) of solar irradiance (in watts per square me-
ter) and the solar incident angle (in degrees). In mode 2, the raster maps 
of the daily sum of solar irradiation (in watt hours per square meter per 
day) are computed as an integration of irradiance values that are calcu-
lated within a set day. In this study, mode 2 was used because we needed 
to calculate raster maps representing the annual average of daily sums of 
global irradiation for horizontal surfaces. To compute the irradiation raster 
maps, r.sun requires only a few mandatory input parameters - digital ter-
rain model (elevation, slope, aspect - elevinslopeinaspin), day number (for 
mode 2), and additionally, a local solar time (for mode 1). The other input 
parameters are either internally computed (solar declination) or the values 
can be set to fi t the specifi c user needs: the Linke atmospheric turbidity, 
ground albedo, beam, and diffuse components of clear-sky index, and time 
step are used for the calculation of all-day irradiation [32].
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10.2.4 ADAPTATION OF AN EXISTING METHODOLOGY FOR 
IDENTIFYING THE SPATIAL WIND ENERGY POTENTIAL

The wind speeds were calculated in accordance with the following Equa-
tion 2 [[33,34]]:

(2)

where v = wind speed at height z above the ground level; vref = reference 
speed, i.e., a wind speed we already know at height zref; z = height above 
the ground level for the desired velocity, v; and zref = reference height, i.e., 
the height where the wind speed is measured vref.

The exponent α is an empirically derived coeffi cient that varies accord-
ing to the stability of the atmosphere. For neutral stability conditions, α is 
approximately 0.143.

10.2.5 ADAPTATION OF AN EXISTING METHODOLOGY 
FOR IDENTIFYING THE SPATIAL GEOTHERMAL ENERGY 
POTENTIAL

The geothermal energy potential maps were generated by considering the 
physical rock properties for the estimation of the specific heat extraction 
values, where those for vertical loops followed Kaltschmitt et al. [35]. 
Here, the geological stratification of rocks to 100 m is derived from a re-
gional geological map and the specific heat extraction is obtained from the 
following equation:

PEWS = (13·λ) + 10                                                                                    (3)
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where PEWS = specific heat extraction capacity, and λ = heat conductivity 
of the rock.

To obtain the specifi c heat extraction values, the geology was divided 
in two homogeneous layers: unconsolidated and solid rocks. Further in-
formation on the geological stratifi cation for vertical loops and soil char-
acteristics for horizontal loops was obtained from Dott. Geol. Fausto Pani, 
freelance, and Prof. Giovanni Barrocu, Cagliari University.

10.2.6 DEVELOPING A METHODOLOGY FOR IDENTIFYING 
THE SPATIAL BIOMASS ENERGY POTENTIAL

Given the focus on housing development, not every type of biomass is 
relevant. Attention was focused on wooden biomass which is suitable for 
producing heat and electricity in residential areas with the installation of 
a cogeneration system. Important criteria for identifying the potential in-
clude the distance of the source of wood from the settlement and the ca-
pacity of the forest in terms of the wood reservoir. From an economic per-
spective, the energy-efficient use of biomass can be defined as a use within 
a radius of 30 km around a potential biomass facility [36]. According to the 
sustainability principles, e.g., the needs of localizing new settlements near 
the biomass source, we assume that the energy biomass efficiency is re-
lated to a use within a radius of 15 km around a potential biomass facility, 
as shown in Equation 4. We assume that the biomass energy potential Pi 
is defined as the theoretical qualitative potential for a hypothetical settle-
ment location or users Vi.

(14)

where Pi = biomass energy potential, Vi = potential settlement, Aj is the for-
est cell area, A is the total forest cell area, dij is the distance between the 
centers of the cell of settlement potential location and of the cell of the for-
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est areas dij ≤ 15 km, and Tj is the factor depending on transport and wood 
extraction cost.

To differentiate between the areas of varying potential, a Monte Carlo 
method was introduced. Broadly speaking, Monte Carlo integration meth-
ods are algorithms for the approximate calculation of the numerical value 
of a defi nite integral, usually multidimensional ones, in our case the sum 
of forest areas (cf.[37]). The usual algorithms evaluate the integrand at a 
regular grid. Monte Carlo methods, however, use random samplings to ap-
proximate probability distributions. This is performed by selecting some 
numbers of random points over the desired interval and summing the func-
tion evaluations at these points [38].

10.2.7 BEST ENERGY MIX COMBINATIONS

The suitability maps of the theoretical energy potentials were integrated 
into combined layers showing the best locations for the new settlement de-
velopment according to the most appropriate energy mix for the area under 
consideration. Maps were normalized and two versions were produced de-
pending on whether geothermal vertical or horizontal loops were included.

10.2.8 SURVEY OF EXPERT PREFERENCES

Decisions about the spatial resource allocation require prioritizing mul-
tiple criteria. Different criteria were selected for (1) assessing housing de-
velopment in general as well as for (2) settlements with micro-renewables. 
The selection of criteria took into account the possible environmental and 
landscape impacts as well as the availability of relevant geodata in order to 
transform the preferences into spatially explicit representations. The crite-
ria used in this research were proximity to existing urban areas, proximity 
to major roads and train lines, distance from environmentally valuable and 
vulnerable areas or from protected areas, proximity to water (lakes and 
rivers), and the slope gradient (see Table 2).
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Other factors such as the location, size, and accessibility of a site and 
its proximity to amenities and services are also important for future hous-
ing developments. These could be considered on a broader scale.

TABLE 2: Criteria for new settlement development

Factor/criteria Type

Proximity to existing urban areas Planning factor (compact development)

Proximity to major roads and train lines Transport factor

Distance from environmentally valuable and vulner-
able areas or from protected areas

Environmental factor

Proximity to water (lakes and rivers) Attractiveness factor

Slope gradient Physical factor

TABLE 3: Criteria for settlement development using micro-renewable technologies

Micro-technology Distance from flooding areas

Solar panel and thermal col-
lectors (S)

Distance from landscape-protected areas and other beauty areas

Distance from historic/cultural facilities (historical centre, areas 
of historical and cultural interests, archeological sites)

Wind turbines (W) Distance from historic/cultural facilities

Distance from Special Protection Areas (SPA) and others avifau-
nistic important areas

Distance from landscape-protected areas or other beauty areas

Biomass power plants (B) Distance from historic/cultural features

Distance from landscape-protected areas or other beauty areas

Geothermal vertical loops 
(GVL)

Distance from historic/cultural features

Distance from drinking water or aquifers

Geothermal horizontal loops 
(GHL)

Distance from historic/cultural features

Distance from flooding areas

The criteria were divided into continuous suitability factors and con-
straints (binary yes/no restrictions). The constraints were built-up areas, wa-
ter (lakes and rivers), and areas characterized by hydrogeological instability.
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The criteria for the survey of the settlements with micro-renewables 
shown in Table 3 focused on landscape and environmental impacts, be-
cause the technical factors were included in the potential maps.

Both parts of the survey were conducted in Italy, Germany, and the UK 
and sought to gain insights into perceptions about new energy-effi cient 
settlement development. This required the participation of people who had 
expert knowledge regarding landscape and environmental planning and/or 
renewable energy, so the survey focused on students and academic plan-
ners, regional planners, and public authorities. The questionnaire was dis-
tributed in person and by email, with participants returning the completed 
surveys in the same ways.

The expert preferences were converted into values using pairwise com-
parison methods, a procedure in the Analytical Hierarchy Process (AHP) 
[39]. As an input, the method takes the pairwise comparisons of the differ-
ent criteria and produces their relative weights as an output. According to 
the relative importance, the weights, which were assigned to the different 
criteria, were calculated using MathCAD, an engineering calculation soft-
ware. Consistency ratios were also calculated to assess the reliability of 
the pairwise comparisons [39].

The output maps were generated using a Boolean approach and a WLC 
method [21]. The Boolean approach is based on a reclassifi cation opera-
tion and specifi ed cutoffs. WLC was used to produce suitability raster 
maps for housing development and micro-renewable preferences with re-
spect to environmental and landscape impacts. The suitability maps were 
generated as shown in Equation 5:

Suitabilitymap = Σ[factormap(cn) * weight(wn) * constraint(b0/1)]     (5)

where cn = standardized raster cell, wn = weight derived from AHP pair-
wise comparison, b0/1 = Boolean map with values 0 or 1, and n = number 
of raster cell

To identify the optimal sites for new residential areas by using micro-
renewables, the three GIS layers (energy potentials, suitability for new 
settlement development, suitability for new settlements with micro-gener-
ators) were overlaid. This integration was conducted using Spatial Analyst 
functions available in ArcGIS 9.x [40].
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FIGURE 2: Annual average of the daily sums of global irradiation for horizontal surfaces 
(Wh/m2/day).
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FIGURE 3: Wind energy potential.
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10.3 RESULTS

10.3.1 SOLAR ENERGY POTENTIAL

Parameters such as the albedo factor (0.2) and the Linke turbidity (3.0) 
were assumed constant across the region as a first approximation. The 
clear-sky indices were not available. The influence of terrain shadowing 
was taken into account by setting the -s flag. After validation of the data, 
the output raster map showed the annual average of the daily sums of 
global irradiation for horizontal surfaces (in watt hours per square meter 
per day) (see Figure 2).

10.3.2 WIND ENERGY POTENTIAL

To create the wind energy potential maps, speeds at 25 m above the ground 
with 1-km resolution were used. The data were derived from the Italian 
Atlas Wind Energy (Atlante eolico italiano) developed by the Genoa Uni-
versity and the CESI research center [41]. Equation 2 was applied to ob-
tain a final average wind speed raster map (at 10 m above the ground) with 
a resolution of 90 m (see Figure 3).

10.3.3 GEOTHERMAL ENERGY POTENTIAL

For the unconsolidated rocks, there were some data limitations. Therefore, 
the thickness was sometimes only a rough estimate. The data for solid rocks 
were more accurate. The information regarding the groundwater flow com-
ponent was not considered according to the VDI 3640 German directive.

10.3.4 GEOTHERMAL VERTICAL LOOPS

The geological map of the region of Sardinia, scale 1:200,000, was con-
sulted to evaluate the specific heat extraction capacities, which were com-
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bined by values from the literature with regard to the specific heat con-
ductivity (cf.[42]). The resulting map was classified into three categories 
(see Figure 4). The unsuitable areas are not suitable for economic reasons.

10.3.5 GEOTHERMAL HORIZONTAL LOOPS

The geological map, the map for irrigation, and the land use map (scale 
1:25,000) were considered to select the suitable and unsuitable areas for 
the installation of horizontal loops. Given the variety of soil conditions 
(e.g., evapotranspiration) and characteristics (e.g., presence of aquifers), 
soil types, and the absence of quantitative data regarding all these factors 
[43], it was only possible to give a qualitative potential estimation for the 
use of horizontal loops on this scale, as is shown in Figure 5.

10.3.6 BIOMASS ENERGY POTENTIAL

The study did not take into account the factor Tj in Equation 4 which de-
pends on road types and conditions as well as variable factors such as fuel 
prices for wood transportation and extraction costs, because the necessary 
data were not available. These factors can be better considered in a more 
detailed local view.

A grid with a 250-m spacing was overlaid over a larger section of the 
eastern metropolitan area of Cagliari. A total of 5,000 random points were 
used, giving an average density of around 1 point per 250 m2. After the 
application of the Monte Carlo integration to the existing data, a biomass 
potential map was generated (Figure 6).

10.3.7 BEST ENERGY MIX POTENTIAL

We assumed that all the micro-energy potential maps are of the same 
weight. The maps obtained show the best locations for the integration of 
solar, wind, and biomass micro-generators with geothermal vertical loops 
(Figure 7) or horizontal loops (Figure 8).
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FIGURE 4: Geothermal energy potential for geothermal vertical loop
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FIGURE 5: Geothermal energy potential for geothermal horizontal loops.
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FIGURE 6: Biomass energy potential.
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FIGURE 7: Best energy mix potential for solar, wind, and biomass micro-generators using 
geothermal vertical loops.
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FIGURE 8: Best energy mix potential for solar, wind, and biomass micro-generators using 
geothermal horizontal loops.
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10.3.8 SURVEY RESULTS

A total of 120 questionnaires were completed, but only 108 were consid-
ered further (consistency ratio < 0.1). As shown in Table 4, for each cat-
egory of experts, we had a minimum of 15 valid questionnaires.

TABLE 4: Total evaluated questionnaires for each country

Experts Total evaluated questionnaires with consistency ratio < 0.1

DE IT UK

S.&AP. 19 16 15

P.&PA. 15 28 15

Obtained from students and academic planners (S.&AP.) as well as regional planners and 
public authorities (P.&PA.). DE, Germany; IT, Italy; UK, United Kingdom.

English experts preferred a compact development close to the built-
up areas (S.&AP.: weight 0.29; P.&PA.: weight 0.35). The German ex-
perts gave the same weight to an urban development near roads and train 
lines (0.22). In terms of the distance from the environmentally valuable 
and vulnerable areas, Italian and German students as well as academ-
ic planners expressed a similar preference (0.34; 0.31) with the Italian 
and German regional planners and public authorities (0.23; 0.24). The 
Italian experts preferred a development that is close to lakes and riv-
ers for attractiveness reasons (0.15; 0.17). German and Italian regional 
planners and public authorities gave the same consideration to the slope 
gradient (0.15).

Table 5 presents the weights for each criterion regarding the new hous-
ing development obtained from students and academic planners (S.&AP.) 
as well as regional planners and public authorities (P.&PA.) from each na-
tionality. The weights sum to 1 with a higher value corresponding to more 
emphasis on the relevant criteria.

Table 6 shows the averages of the standard deviations expressed as a 
percentage of the means for the different expert groups and nationalities. 
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These results show some variation in weighting but do not exceed 100% 
so the variations are not too high.

TABLE 5: Weighting for settlement development

Criteria/factors Experts Weights

DE IT UK

Proximity to existing urban areas S.&AP. 0.20 0.26 0.29

P.&PA. 0.26 0.25 0.35

Proximity to major roads and train lines S.&AP. 0.22 0.16 0.26

P.&PA. 0.22 0.20 0.22

Distance from environmentally valuable areas S.&AP. 0.31 0.34 0.21

P.&PA. 0.24 0.23 0.19

Proximity to water S.&AP. 0.14 0.15 0.11

P.&PA. 0.14 0.17 0.12

Slope gradient S.&AP. 0.13 0.10 0.12

P.&PA. 0.15 0.15 0.13

Obtained from students and academic planners (S.&AP.) as well as regional planners and 
public authorities (P.&PA.). DE, Germany; IT, Italy; UK, United Kingdom.

TABLE 6: Averages of standard deviations in percentages of the means for housing 
development

Experts Average of the SD in percentage of the mean

DE IT UK

S.&AP. 65.74 79.62 49.78

P.&PA. 48.02 66.83 40.50

S.&AP., students and academic planners; P.&PA., regional planners and public authorities; 
SD, standard deviation; DE, Germany; IT, Italy; UK, United Kingdom.

The fi nal suitability maps were identifi ed through the expert survey 
localizing the new settlement with renewable energy (see Table 7). The 
German students and academic planners (weight 0.54) as well as regional 
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planners and public authorities (weight 0.60) gave more consideration to 
the visual impact caused by solar panels and solar thermal collectors on 
the cultural heritage. Italian academic (0.58) and environmental planners 
(0.54) and English academic (0.54) and environmental planners (0.54), 
by contrast, more intrusively considered the solar power plants near land-
scape-protected areas and other beautiful areas.

German experts paid more attention to the environmental impact repre-
sented by the distance of wind turbines from important avifaunistic areas 
(respectively, weights: S.&AP., 0.50 and RP.&PA., 0.44). On the contrary, 
Italian experts expressed their preferences to the visual impact near his-
torical and cultural facilities (S.&AP., 0.35; RP.&PA., 0.40), while English 
experts assigned almost equal weights to all three criteria, including the 
visual impact to landscape evaluable areas.

All experts, in particular the Italian regional planners and public au-
thorities (0.71) as well as the German students and academic planners 
(0.70), assigned the highest weight to the criteria ‘Distance from drinking 
water or aquifers’ for geothermal vertical loops. Similarly, the experts, ex-
cept for the English regional planners and public authorities (0.32), were 
in agreement regarding the importance of ‘Distance from fl ooding areas’ 
(average 0.63).

However, Italian experts assigned a similar weight regarding the visual 
impact of an additional chimney for a single power plant or a central bio-
mass power plant near cultural/historical areas (0.48; 0.47) and landscape 
areas (0.52; 0.53).

The results of the survey showed similarities and differences between 
the stakeholder group preferences from the three countries. This outcome 
stems from national contrasts in planning systems and in attitudes towards 
micro-renewables. Transferring these preferences into a spatial represen-
tation resulted in an environmental suitability map which was overlaid 
with the energy potential for each micro-renewable technology. Figure 9 
presents the three layers for solar energy. The combined result in Figure 
10 shows the optimum sites for a new settlement development according 
to the energy potentials and expert preferences.
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TABLE 7: Weighting for housing development using micro-renewable technologies

Criteria/factors Experts Weights

DE IT UK

Distance from landscape-protected areas and other beauty areas 
(S)

S.&AP. 0.46 0.58 0.54

P.&PA. 0.40 0.54 0.54

Distance from historic/cultural facilities (S) S.&AP. 0.54 0.43 0.46

P.&PA. 0.60 0.46 0.46

Distance from historic/cultural facilities (W) S.&AP. 0.26 0.35 0.30

P.&PA. 0.31 0.40 0.35

Distance from Special Protection Areas (SPA) and avifaunistic 
important areas (W)

S.&AP. 0.50 0.45 0.39

P.&PA. 0.44 0.30 0.38

Distance from landscape-protected areas or other beauty areas 
(W)

S.&AP. 0.25 0.19 0.31

P.&PA. 0.25 0.30 0.28

Distance from historic/cultural features (B) S.&AP. 0.30 0.38 0.34

P.&PA. 0.35 0.47 0.39

Distance from landscape-protected areas or other beauty areas 
(B)

S.&AP. 0.70 0.62 0.66

P.&PA. 0.65 0.53 0.61

Distance from historic/cultural features (GVL) S.&AP. 0.31 0.45 0.36

P.&PA. 0.37 0.29 0.68

Proximity to drinking water or aquifers (GVL) S.&AP. 0.69 0.55 0.64

P.&PA. 0.63 0.71 0.32

Distance from historic/cultural features (GHL) S.&AP. 0.43 0.48 0.39

P.&PA. 0.42 0.54 0.53

Distance from flooding areas (GHL) S.&AP. 0.57 0.52 0.61

P.&PA. 0.38 0.46 0.47

GVL, geothermal vertical loops; GHL, geothermal horizontal loops; S.&AP., students 
and academic planners; P.&PA., regional planners and public authorities; SD, standard 
deviation; DE, Germany; IT, Italy; UK, United Kingdom.
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FIGURE 9: Overlaying of the three GIS layers (energy potential, settlement development, 
and settlement development using micro-generators).
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The suitability maps resulting from the expert surveys were compared 
with the micro-energy potentials. There were many areas where the energy 
potential was high, which also corresponded to the expert preferences, 
where new settlements with renewable energies should be located.

The spatial results for solar irradiation refl ect an (almost similar) high 
potential for the whole case study area. Nevertheless, areas where the poten-
tial is relatively low (areas in blue), because of the terrain aspect and slope, 
should be excluded. The wind potential varies along the Cagliari region.

With respect to the geothermal vertical loops, all experts assigned the 
highest weight to the criteria ‘Distance from drinking water or aquifers.’ 
Geothermal vertical loops should be buried up to 100 m deep and in some 
cases can modify the groundwater fl ow with consequences on the new 
settlements (cf.[44]), and on the water quality and temperature. This has to 
be taken into account in the planning of new urban settlements.

The geothermal energy potential map for geothermal horizontal loops 
and the suitability map of the expert groups showed no compliance. This 
is indicating that confl icts could arise if geothermally powered settlements 
will be planned. For this reason, it may be important to make decisions 
according to other criteria or needs.

Only few areas located in the east of the metropolitan area showed a 
good biomass potential and were at the same time suitable according to the 
expert preferences. Consequently, other energy sources should be chosen 
in most of the areas far away from any forests.

10.4 DISCUSSION

Decisions about the best energy mix for the different residential areas can 
be supported by the presented results. The proposed approach is based on 
an assessment of the energy potential and other relevant criteria which 
have been weighted by expert preferences.

A method has been developed for both the integrated assessment of four 
renewable energy sources and the identifi cation of suitable housing loca-
tions. The latter is done by spatially depicting general expert preferences.

The accuracy in fi nding the most and least technical suitable locations 
is dependent on the reliability of the input data. The data used in this study 
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originated from different sources and therefore also showed different lev-
els of accuracy. For that reason, the resulting maps are less accurate than 
the least accurate layer used in their composition. As the methods have 
been successfully tested under German as well as Italian data conditions, 
it may be assumed that they can be applied in many European countries.

Since the calculation of the solar energy potential estimation depends 
on the application of the r.sun model and on the pvgis data, it can be ap-
plied in every region. However, the accuracy depends on input data (DEM) 
and on pvgis data availability.

Data of wind speeds are also available for every country. The only dif-
ference between the German and the Italian wind speeds was that the Ital-
ian data are calculated at a height of 25 m and the German ones at a height 
of 10 m, a height which better suits the requirements of microgeneration.

Wind speeds can deliver a good approximation to the wind energy po-
tential, but for the planning of new settlements, a simulation of the wind 
fl ow would be more useful.

The accuracy of geothermal energy estimation is dependent on the data 
availability (e.g., the profi les) of the rock layers under the ground. This 
study demonstrated that even if no data on stratifi cation and soil charac-
teristics have been available, the information needed can be generated by 
the assistance of geologists with local knowledge. Nevertheless, it should 
be restricted to the creation of suitability maps for the use of horizontal 
loops. For more precision, it will be necessary to conduct further specifi c 
studies. It will also be important to have more detailed data regarding the 
groundwater level and movement in order to estimate the geothermal en-
ergy potential using the groundwater fl ow.

The biomass potential estimates can be calculated in every region. 
Only the data about forested areas which are available for biomass use or 
short rotation coppice are required. The next step will be to estimate the 
wood extraction capacity and transportation costs.

The best energy mix, calculated after normalization and overlay, could 
be derived more precisely if other criteria were included, e.g., costs, local 
characteristics, as well as electricity and heat needs. Such results would 
better support the practical planning. Methodologically, multicriteria eval-
uation methods in a GIS could be used for this optimization of settlement 
allocation with respect to sustainability.
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Expert weighting of criteria about the location of an energy-effi cient 
residential development in combination with the use of GIS and multicri-
teria analysis were useful for supporting the complex planning process. 
Various experts independently came to a considerable degree of agree-
ment about their general preferences. The proposed method offers some 
advantages over the classical site suitability analysis techniques: First, it 
provides a structured approach to derive the suitability by ‘decomposing’ 
a complex problem into three levels (energy potentials, expert preferences 
for housing development, expert preferences for housing development 
with micro-generation technologies). This allows planners and public au-
thorities to focus on a systematic analysis of the factors for each level. A 
disadvantage is that the criteria are less differentiated than in a convention-
al environmental impact or suitability assessment. Also, supplementing 
with new criteria needs considerable effort. Second, this method allows 
for incorporating criteria, which differ in nature. Furthermore, the method 
is a suitable way to weight the different criteria if no democratic legalized 
standards are available as a basis for weighting and decision making. Third, 
the approach provides an opportunity for decision makers to incorporate 
their own judgments. However, for a transparent practical application, the 
general expert preferences, which substitute the legal valuation and as-
sessment standards, have to be presented separately from the preferences 
of local politicians and stakeholders. Fourth, the general preference and 
not a special site-specifi c individual interest is relevant, which may help 
at the same time to support rational decisions, in particular in local devel-
opment and achieve a good acceptance of the results. Fifth, if regional/
local stakeholder preferences are taken as a basis, the methods can be used 
in order to model the probable future expansion of housing development 
according to local interests. If mandatory zoning is weak or non-existent, 
land use planning can use this information for strategy building.

In the future, more concrete legal standards and priorities for decisions 
about energy-effi cient housing and the environment may more strongly 
confi ne the importance of the expert preferences. In that case, both more 
predefi ned priorities should be included in the method and their combina-
tion with conventional impact assessment should be recommended.
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Environmental planners and public authorities often make complex de-
cisions within a short period of time when they must take into account sus-
tainable development and participation. A set of land-use suitability maps 
(e.g., as part of a landscape plan) would be very useful for supporting fast 
decisions. Once the maps are available, land planners can analyze any 
new project by using simple operations such as map overlay or statistical 
analysis of a given area.

Clearly, the criteria selected for housing development and for micro-re-
newable preferences need to be combined with other siting factors which 
are relevant on broader scales. In this context, it will be interesting to com-
pare the landscape plan of Sardinia and the land use plans of the munici-
palities with the results obtained in this work to identify the benefi ts and 
limitations. For further research, we will also integrate a few territorial and 
landscape-geographical aspects on a larger scale (e.g., a local scale) in or-
der to compare them with those of the energy potentials. The aim is to give 
a more complete assessment to support planning decisions by integrating 
relevant territorial, environmental, and landscape criteria for assessing the 
new housing development.

10.5 CONCLUSIONS

The need to reduce the oil consumption and to produce renewable energy 
favors the integration of micro-renewable energy generation into housing 
development. Urban and regional planning can optimize this integration 
by selecting the best suited areas with the highest energy potential and the 
least environmental impacts as well as by choosing the best mix of renew-
ables for each individual residential site. This paper suggests a methodolo-
gy for finding the best locations for new housing developments which use 
micro-renewable technologies. The results obtained are of direct relevance 
for practical planning in different European countries. The methodology 
proposed can be an effective tool for planners in Europe to simulate new 
residential areas and evaluate their energy potentials for tracking changes 
and identifying the best solutions.
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11.1 BACKGROUND

The Energy Roadmap 2050 of the European Union aims at 80% to 95% 
greenhouse gas reduction until 2050 [1]. Energy saving, energy efficiency 
and the shift towards renewable energy supplies have to be jointly applied 
in order to reduce the environmental overshoot of the current energy sys-
tems. This environmental overshoot is due to the high energy intensity of 
society and the extensive use of fossil and nuclear energy sources [2]-[4]. 
All sectors of society and economy have to contribute to achieve this shift 
in energy supplies.
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Households are important consumers of energy in the European Union, 
using up about 27% of the European energy demand within the settlement 
infrastructure plus a considerable part of the 33% of transport energy. Fi-
nally, 24% energy is consumed in the industrial sector, which can also 
be attributed to the consumption of private households to a large share 
(all fi gures based on 2009 data from Eurostat, [5]). Much of this energy 
demand is related to the dwelling itself, and concerning the mobility of 
persons, to the site of the residential area.

Planning decisions of settlements and houses have considerable im-
pacts on the energy demand and the technological options for the energy 
supply of residential areas, and, therefore, on the energy consumption of 
society. These decisions are not only confi ned to the energy consumptions 
of households but affect the transport sector and, via embodied energy in 
goods and services, many industrial sectors as well. As spatial structures 
are long lasting, planning decisions determine the energy consumption of 
society in the long term and include, inter alia, the choice of a site, the de-
termination of the infrastructure, the building densities aspired, the energy 
standards and the construction materials of buildings as well as the energy 
sources and energy provision technology.

In order to reach sustainable development, such decisions should be 
made on the sound assessment of alternatives including the aspects of en-
ergy demand and supply and their related environmental and socio-eco-
nomic effects. Furthermore, the sustainable construction and operation of 
buildings and settlements will have to become a fundamental part of any 
sustainability oriented energy strategy.

Therefore, planning tools are required that empower decision makers 
to recognize the long-term consequences of their actions regarding the 
environmental and socio-economic impacts of buildings and settlements 
along their life cycle. Such planning tools have to offer a sound estimation 
of the energy demand of settlements, and an evaluation of the environmen-
tal and socio-economic impacts depending on the energy supply. Various 
tools that help optimizing buildings, are already available in great num-
ber (see e.g. BREEAM [6], baubook [7], WECOBIS [8]). Yet, these tools 
still have to be complemented by further approaches in order to support 
a comprehensive, sustainability-oriented quantitative assessment of plan-
ning decisions related to the energy demand and supply of housing that 
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includes not only buildings but also technical infrastructure and the mobil-
ity of residents. In order to fi ll this gap, we developed a model to calculate 
the energy demand of households related to dwelling and location, as well 
as its overall environmental and socio-economic impacts, based on a life 
cycle approach: the Energetic Long term Analysis of Settlement structures 
(ELAS). This model was transferred to a freely available online decision-
making tool that allows assessing and optimizing settlements, the ELAS 
calculator (www.elas-calculator.eu ). The aim of this article is to introduce 
the complex ELAS model and the ELAS calculator and to show how this 
model can support stakeholders in planning processes to take more sus-
tainable decisions about residential development.

When characterising the dwelling-related energy demand of settle-
ments, the following components of energy consumption have to be taken 
into account:

• Energy demand and supply for the construction of buildings and public infra-
structure like roads, sewage systems, water supply systems, street light etc.;

• Energy demand and supply for the maintenance of public infrastructure;
• Energy demand and supply of buildings for room heating, warm water and 

electricity; and
• Energy demand for the mobility of residents, which depends on the demo-

graphic structure of the population, the supply structure and the location of 
the settlement.

Based on these categories of energy demand and supply, an overall 
sustainability assessment is calculated with the following fundamental in-
dicators: (1) environmental indicators: ecological footprint (as sustainable 
process index, SPI), life cycle CO2 emissions and; (2) socio-economic in-
dicatorsa: regional economic turnover, revenue, regional imports as well 
as jobs created. This fundamental assessment has the quality of an ‘un-
sustainability’ test [3]: Planning alternatives, that fail this test, should not 
be followed. If the alternatives pass, more detailed issues have to be cov-
ered applying further quantitative as well as qualitative indicators in order 
to guarantee sustainability in a broad perspective. Therefore, the ELAS 
model can help to reduce the information load on decision-makers by sort-
ing out alternatives that do not provide the chance to strive for sustainable 
development from the perspective of climate change mitigation and sus-
tainable energy supplies. ELAS can achieve that task by just using a few 
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indicators that can be easily generated by the end users, even though the 
models behind this assessment are complex.

The model can be applied to existing settlements as well as to planned 
projects spanning from (1) new settlements as greenfi eld developments, 
(2) renewal and renovation of existing settlements with/without expanding 
them and (3) tearing down and reconstructing settlements on the same site 
or on a different site.

11.2 THE ELAS CONCEPT

11.2.1 CONTENT OF THE EVALUATION

As already pointed out in the introduction, activities to provide housing 
permeate through all economic sectors. Basic decision like the site chosen 
for a building and the technical standard of a building will have consider-
able impact on the energy consumption during its life cycle. This has to 
be reflected in any reliable decision support tool. The life cycle in this 
case therefore more resembles a ‘life cycle-network’ with the dwelling in 
the centre. Figure 1 shows the life cycle network includes the construc-
tion, maintenance and operation of buildings and infrastructure like roads, 
sewage systems, energy provision grids. The respective life cycles consist 
of the provision, transport demolition and final disposal or recycling of 
building materials as well as of building materials with the life cycle of 
infra-structure, and the life cycles of the energy supply of the buildings for 
electricity, heating and cooling. Furthermore, the life cycle regarding the 
mobility of residents is taken into account.

The concept realized in the ELAS calculator is to evaluate the impact 
of a building or settlement as well as any planned changes to a building or 
a settlement (including radical changes such as demolition and construc-
tion at a different site with a different technological standard) on this ‘life 
cycle-network’. That means that all energy demand-and-supply-relevant 
impacts generated along the life cycles constituting this network are calcu-
lated and made transparent, not only in environmental but also in econom-
ic and social terms. This applies to current operation as well as to planned 
changes to the existing structure. As resource consumption already took 
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place in the past, the status quo of buildings and infrastructure are not rated 
according to their environmental, economic and social impacts. By this 
approach, the users of the calculator can assess not only the direct impacts 
of their decisions but may also gain a comprehensive view on the conse-
quences of their action on nature, economy and society.

The ELAS calculator is designed to support informed decisions about 
design and operation of buildings and settlements by all relevant actors. It 
therefore addresses different audiences in order to provide actors on dif-
ferent levels of decision taking with coherent information, thus enabling a 
discourse within as well as across different levels of actors. In particular, 
the ELAS calculator is designed to be used by the following:

• Single households in order to assess their individual decisions regarding de-
sign, operation and maintenance of their houses and flats, also including the 
impact their behaviour has on construction, operation and maintenance of in-
frastructure supporting their buildings and mobility induced by their choices;

• Municipal administrators in order to assess the ecological, economic and 
social impacts of existing settlements; and

• Planners in order to assess consequences of their activity regarding design 
and changes in settlements (enlargement, change of technical standards, 
changes regarding supporting infrastructure and measures concerning 
energy efficiency and energy provision systems, etc.), including impacts 
generated by necessary supporting infrastructure and induced mobility by 
residents.

This requires that the necessary data as well as the representation of re-
sults must be adapted to the needs of these actor groups. Figure 2 shows the 
overall architecture of the calculator. The two principal modes, the ‘private 
mode’ and the ‘municipal mode’ refer to the two main user groups, pri-
vate households and professional users, respectively. Within the ‘municipal 
mode’, the separation of assessment of an existing settlement (status quo 
analysis) and planning of a new settlement (planning mode) represent the 
realization of the two tasks, analysis of impacts of existing settlements and 
planning of new settlements. It is however possible to change from the anal-
ysis of an existing settlement to the planning mode and thus assess changes 
for an existing settlement. Using this option, municipal administrators as 
well as planners can evaluate not only direct impacts of enlarging of settle-
ments and/or upgrading of technical standards of buildings and infrastruc-
ture but also impacts of measures of spatial planning and zoning.
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Besides the assessment of the impacts of housing under current con-
ditions, the ELAS calculator offers the option to calculate these impacts 
under future scenarios (with a time horizon of 2050):

• Trend scenario: The trend scenario is based on studies by Kratena and 
Schleicher [9] and Friedl and Steininger [10] who estimate that the total 
travel distance per person will increase by 25% and that energy sources will 
change: biogas will hold a share of 10% of the fleet and electricity 15%. 
The electricity demand will rise at 2.2% p.a. Both studies yield insights into 
the development of gross output in Austria for different business sectors. 
In the ‘Baseline-Szenario’ of Kratena and Schleicher [9], the rise in energy 
prices is modest at most, and the results are comparable to the baseline sce-
nario presented by Friedl and Steininger [10]. It must be noted, however, 
that future economic projections in both models are not the result of chang-
ing energy prices as such, but are due to policy choices regarding the use 
and production of energy [9] or the sustainability of the transport system 
[10]. Furthermore, projections in both models are made up to 2015/2020. 
In order to establish long-term effects up to 2050, we use information about 
long-term scenarios from Bollen et al. [11]. They calculate future projec-
tions of energy use and production based on the ‘Four futures for Europe’ 
model of the Dutch Central Planning Bureau.

• Green scenario: In the green scenario, the energy demand of settlements 
can be reduced by 33%, and the electricity supply is 100% based on renew-
able energy sources. As in the trend scenario, individual mobility will rise 
by 25%, but the share of environmentally friendly means of transport will 
increase and the car fleet will utilize renewable energy sources: 70% based 
on biogas and 30% based on electricity. The green scenario is based on sev-
eral studies like Arpaia and Turrini [12], Polasek and Berrer [13], and the 
economic analysis of energy price shocks by Kilian [14].

These scenarios enable the user to estimate the bandwidth of future 
impacts of the settlement within reasonable boundaries.

11.2.2 TAKING THE LOCATION 
OF A SETTLEMENT INTO ACCOUNT

Any evaluation regarding the sustainability of a settlement has to consider 
the spatial situation in relation to locations providing all necessary func-
tions for residents living in it. Construction and maintenance of infrastruc-
ture as well as mobility requirements for residents depend critically on the 
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distance between settlement and the provision of functions such as retail 
stores, educational institutions, health provision, administrative centres, 
etc. The ELAS calculator meets the challenge of systematizing this funda-
mental factor for the evaluation of settlements by defining different ‘levels 
of centrality’ that define what services are provided in the community the 
settlement is located in, according to Table 1. Higher levels of centrality 
refer to communities offering a broader spectrum of functions. The cal-
culator offers a step-by-step help function to support the user in defining 
this fundamental set of datab. Using the distances to the different locations 
providing basic functions for residents (and using demographic informa-
tion and modal split information explained later), the ELAS calculator is 
able to evaluate the part of the impact of settlements and buildings related 
to their locations.

TABLE 1: Definition of ‘levels of centrality’

Level of centrality Description

1 Community without centrality, no basic function and no local supply available

2 Community without centrality, no basic function but local supply available

3 Small centre

4 Regional centre (e.g. main municipality of a county)

5 Supra-regional centre (e.g. main municipality of a federal state)

11.2.3 SUSTAINABILITY EVALUATION METHODS USED IN 
THE ELAS CALCULATOR

With the ELAS calculator, a quantitative evaluation of settlements can be 
carried out from the viewpoint of sustainable development. The ELAS 
calculator is grounded on a coherent and consistent model and database 
that allows for an appraisal of environmental and socio-economic aspects. 
Therefore, the ELAS calculator has the strength to quantify decisions 
regarding residential development including spatial planning decisions. 
Yet, the ELAS calculator is not designed to evaluate qualitative issues of 
residential developments, which are as important as the numerical issues 
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addressed by the ELAS calculator. Such aspects include, e.g. effects on 
biodiversity, landscape, quality of life, social and inter-generational equity 
or gender issues.

11.2.4 OVERALL ENVIRONMENTAL APPRAISAL

The overall environmental appraisal allows for a general assessment of 
the environmental impacts of settlements within the life cycle network 
according to Figure 1. The ELAS calculator uses the same database in 
order to provide a comprehensive, multidimensional appraisal of the en-
vironmental impacts by using several general indicators. Therefore, the 
ELAS calculator offers a comprehensive planning and assessment tool 
that relieves the users from considerations about the conclusiveness of life 
cycle limits or data provision, as the ELAS calculator secures coherence 
of the life cycle assessment. Furthermore, information overload of the us-
ers by too many indicators has to be avoided, as the ELAS calculator is 
designed to be used by decision-makers at the municipal level, who are 
often voluntary politicians and non-experts in urban planning and energy 
planning. Therefore, only few indicators have to be selected that provide a 
complex assessment and a clear picture about the environmental effects of 
a proposed settlement development concerning the building stock and/or 
new settlements. Therefore, measures were carefully selected. Finally, the 
following three measures are applied:

• Cumulative energy demand: This measure reveals the energy flows related 
to the life cycle network of a settlement and includes embodied energy 
from construction, renovation and infrastructure provision, energy for op-
eration of the buildings and settlement as well as the mobility of residents. 
The measure expresses the fact that energy use causes an important share 
of environmental pressures and drafts a clear picture about the impacts of 
energy efficiency measures.

• Life cycle CO2 emissions: This measure was chosen to express the effects 
of settlements on global warming and to assess the impacts of planning 
decisions regarding settlements on greenhouse gas reduction policies. With 
this measure, not only energy efficiency but also the contribution of differ-
ent alternatives of energy sources and energy provision technologies for a 
settlement can be assessed.
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• The sustainable process index (SPI) method as one calculation method for 
ecological footprints: the SPI method shows environmental pressures from 
all material and energy uses of the life cycle network by calculating the area 
of land which is associated with the supply of resources and the dissipation 
of emissions and wastes. The SPI method is applied to compare the overall 
environmental impact of a wide range of planning alternatives.

The three methods are described in more detail below.

11.2.5 CUMULATIVE ENERGY DEMAND

Energy is a major factor of the ecological pressure exerted by a settle-
ment. The ELAS calculator accounts for all energy flows generated by the 
whole life cycle network. This includes the energy to operate the buildings 
(heating, cooling, electricity demand of appliances), the necessary sup-
porting infrastructure (energy to operate sewage systems, street lighting, 
road service etc.) and mobility of residents. The calculator however also 
includes all ‘embodied energy’ that is necessary to provide the materials 
of construction for buildings and infrastructure or used in construction, 
renovation or demolition and disposal (when appropriate) for any planned 
changes to the current structure. This embodied energy is calculated using 
the methodology of the ‘Kumulierter Energieaufwand - KEA’ according to 
[15]. Embodied energy input will be related to 1 year by taking lifetimes 
of buildings and infrastructures (66 years) into account.

11.2.6 LIFE CYCLE CO2 EMISSIONS

The calculation of CO2 emissions is directly coupled with the calculation 
of the ecological footprint (see below). All fossil carbon inputs across the 
whole life cycle network as explained by Figure 1 form the base of the cal-
culation. This includes also CO2 emissions from synthetic materials used 
in construction of new buildings and infrastructures as well as in reno-
vation, depreciated over the life time of the building and the renovation 
interval, respectively.
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11.2.7 ECOLOGICAL FOOTPRINT 
AS SUSTAINABLE PROCESS INDEX

SPI is a method to calculate ecological footprints that takes emissions to 
air, water and soil besides resource provision into account [16]. This meth-
od compares anthropogenic and natural flows according to the following 
sustainability criteria [17]:

• Principle 1: Anthropogenic mass flows must not alter global material cycles 
and;

• Principle 2: Anthropogenic mass flows must not alter the quality of local 
environmental compartments.

The results of the footprint calculations are broken down into partial 
footprints for direct area consumption, fossil resource consumption, re-
newable resource consumption and emissions to air, water and soil.

11.2.8 SOCIO-ECONOMIC APPRAISAL

The socio-economic appraisal is based on regional economic input-output 
analysis [18]: the impacts of specific economic activities on the whole eco-
nomic system are estimated by modelling the economic interaction of the 
different economic sectors. The model applies input-output coefficients 
that connect the different sectors. The sectors of this input-output analy-
sis are based on the NACE systematic of economic sectors [19], dividing 
the sector ‘electricity, gas and water supply’ into non-renewable energy, 
renewable energy and water supply. The economic effects of building, 
maintaining and operating settlements are attributed to building construc-
tion, building operation, public infrastructure construction and operation 
as well as external effects (primarily related to mobility).

A special challenge is the regionalisation of socio-economic impacts 
taking the economic structure of the region—the province—into account 
where the settlement is situated. Applying techniques in accordance with 
Clijsters et al. [20] and Baaske and Lancaster [21], the regionalisation of 
the economic input-output coeffi cients are based on the national data pro-
vided by Eurostat [22]. With the techniques applied, problems of common 
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regionalisation techniques, like the overvaluation of transformators and 
multipliers, can be avoided.

As a result of the socio-economic appraisal, the ELAS users are pro-
vided with estimations of the regional and national turnover and revenue, 
the imports induced as well as the regional jobs created with the con-
struction, renovation, operation and the maintenance of settlementsc. In 
this way, the socio-economic appraisal complements the environmental 
appraisal using indicators at the same degree of abstraction.

11.2.9 APPROPRIATE ROLE OF THE ELAS CALCULATOR IN 
PLANNING TASKS

Any meaningful evaluation tool must correlate with the requirements of 
a certain task within the course of taking decisions. The ELAS calcula-
tor is designed to support decisions within a planning process for build-
ings and settlements from the vantage point of sustainable energy sys-
tems. Stoeglehner and Narodoslawsky [3] provide a critique of proposed 
requirements for sustainability evaluation within planning processes and 
offer a framework for allocating evaluation methods to different assess-
ment tasks, summarized in the indicator pyramid shown in Figure 3. The 
representation of this indicator pyramid reflects the fact that the informa-
tion load and solid data increase along the decision pathway in planning. 
Evaluation should help to distinguish between alternative pathways, elimi-
nating those that will in the end not lead to the desired goal of sustain-
ability. The ‘tip’ of this pyramid is formed by general indicators that allow 
eliminating alternatives that clearly contradict the objectives of sustain-
able development. According to this framework, these general indicators 
should have a strong environmental bias, screening for alternatives that 
in the long term harm the natural base for human development. In order 
to facilitate elimination of unsustainable alternatives, highly aggregated 
indices (like the ecological footprint) are advantageous at this level.

As fewer alternatives remain in the planning process, information on 
the performance of each alternative increases, allowing to evaluate envi-
ronmental impacts in more detail as well as adding other dimensions to 
the decision support provided by evaluation tools. This level of evaluation 
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rates alternatives within the different dimensions of sustainability but ag-
gregates data only within their particular fi eld. The result of this evalua-
tion then forms the base for the discourse between relevant actors who 
then weigh the different aspects to fi nally reach a planning decision for a 
certain alternative.

The ELAS calculator is intended as a planning tool for the ‘pre-assess-
ment level’ in the indicator pyramid according to this framework. True to 
its objective to support planning of buildings and settlements to conform 
to sustainable energy systems, it has a strong energy and environmental 
fundament whilst providing numerical evaluation of economic as well as 
social aspects of projects regarding renovation, extension or greenfi eld de-
velopment of buildings and settlements.

11.2.10 DATABASE OF THE ELAS CALCULATOR

The ELAS calculator draws on a large and comprehensive built-in data-
base. Describing this database in detail would exceed the scope of this 
article by far. The reader is therefore kindly asked to consult the extensive 
background material provided on the ELAS calculator homepage at www.
elas-calculator.eu  for specific information regarding data sources and sta-
tistical material behind the ELAS calculator. The purpose of this chapter 
is to explain the general approach for data acquisition followed in the de-
velopment of this tool.

Evaluating the complex life cycle network linked to operating and 
changing buildings and settlements requires a comprehensive database that 
must be adapted to the many specifi c aspects of individual buildings and 
settlements. It is the general approach of the ELAS calculator to allow the 
user as much leeway as possible to individualize his/her data in order to pro-
vide reliable decision support whilst at the same time reduce amount of data 
required from the user in order to increase user-friendliness of the program. 
Wherever possible, the program will provide sensible default values.

Besides striking a delicate balance between individualization and gen-
eralization of data, the ELAS calculator strives for data coherence. This 
means that life cycle data are taken only from one source [23] whenever 
possible, SPI-related data where taken only from the SPIonExcel (homep-
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age: http://spionweb.tugraz.at ). Statistical data underlying socio-econom-
ic evaluation are all taken from the material provided by Eurostat as al-
ready mentioned.

11.2.11 SPECIFIC DATA BASE OF THE ELAS CALCULATOR

Many data required to evaluate the impact of the life cycle network under-
lying the ELAS assessment method are not available in existing statistics. 
This applies in particular for individual mobility of residents according to 
the levels of centrality that form the base of characterising the spatial inter-
action between settlements and services used by residents. As this aspect is 
a prominent factor for the sustainability of settlements, great care has been 
applied during the development of the ELAS calculator to come up with 
reliable and recent data for evaluating mobility of residents.

Mobility associated with a building or settlement is infl uenced by a 
complex set of factors. Besides the distance to particular service providers 
(represented by the different levels of centrality and the distance from the 
settlement to the nearest cities associated with these levels), the demo-
graphic structure of the settlement has to be taken into account as residents 
within different age brackets show vastly differing mobility requirements 
and behaviours. The modal split used by residents to travel to service pro-
viders is in turn dependent on the centrality level of the settlement as the 
fraction of public transport increases with a higher level of centrality. Fi-
nally, the modal split also depends on the age bracket the individual resi-
dent belongs to.

In order to obtain realistic data for evaluation of crucial aspect of 
the sustainability of settlements as well as to verify statistical data from 
other sources, a thorough analysis of ten Austrian settlements in seven 
municipalities, representing all levels of centrality, was undertaken (see 
Table 2). The settlements ranged in size from 20 to 428 households. 
Within this analysis, all relevant parameters about buildings and in-
frastructure used in the ELAS calculator were gathered. In particular, 
this analysis encompassed a survey of households, inquiring the de-
mographic set up of the household, consumer behaviour and technical 
building standard.
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TABLE 2: Analysed settlements

Number Settlement/munici-
pality

Level of centrality Characteristic 
building type

Number of 
households

1 Holzstraße/Linz 5 Multi-storey apart-
ment buildings

233

2 Pregartenteich/
Freistadt

4 Row houses 39

3 Billingerstraße/
Freistadt

4 Multi-storey apart-
ment buildings

109

4 Petringerfeld/Freis-
tadt

4 One family houses 248

5 Row house 
settlements/Gallneu-
kirchen

3 Row houses 42

6 One family house 
settlm./Kottingbrunn

3 One family houses 291

7 Whole town/Laab 
a. W.

2 Miscellaneous 428

8 Centre/Vorderstoder 1 Miscellaneous 25

9 Periphery/Vorder-
stoder

1 One & two family 
houses

20

10 Großnondorf/Gun-
tersdorf

1 Miscellaneous 150

Questionnaires inquired the mobility behaviour of individual residents 
regarding frequency of travels, leisure mobility and modal split for all 
categories of mobility. This analysis was coupled to a participatory evalua-
tion process in all settlements, involving all residents as well as stakehold-
ers and political representatives, with public auditing events throughout 
the process. Local actors distributed the questionnaires and helped with 
additional information. Due to this participatory nature of the analysis, 
37% of the 1,585 (i.e., 587) household questionnaires could be recovered, 
on top of 1,047 individual questionnaires. This statistical material allowed 
the formulation of 75 different modal splits linked to all 5 levels of central-
ity and 5 age brackets.
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Mode selection 
& Analysis

selection (Status 
Quo or Planning)

Location

Buildings,
Heating and

Hot Water

Electricity

Municipality

Mobility

Regional Economic
Analysis (REA)

Results

Scenarios

Planning option
     • Demolition of settlement
       and construction at
       different location

Planning option
     • Refurbishment,
       extension or
       reconstruction of
       settlement

ELAS Calculator
START

*

*

Language selection

Legend

Status-quo - Analysis Input

Exclusive Input for planning mode

ELAS – Calculator

Starting point
for new

examples

Municipality mode

Private mode

• Project title
• Status-quo analysis or Planning

• Geographic location (Country, District,
  Municipality): manually or through durch
  municipality code (Austria only)
• Inhabitants (Municipality and District)
• Level of centrality (1-5) through location details
• Distances (km) to higher centrality levels

• Input of building groups (Building period, Type
  of building, cumulated living space and 
  number of buildings)
• Refurbishment condition
• Building area
• Number of households
• Residents and age distribution
• Room heating
• Hot water supply
• New settlement (no As-Is analysis present)
• Extensions of existing settlement (As-Is
   analysis, addition of living space)
• Refurbishment of existing settlement structures

• Inner road development
• Outer road development (of outside of town
  center)
• Municipal road services
• Municipal lightning
• Wastewater treatment
• Municipal waste collection
• (additional) roads for inner development
• Additional road lightning
• (additional) wastewater grid

• Selection of TREND - or GREEN - Scenario

• Electricity consumption (all building groups)
• Electricity generation (e.g. photovoltaics)
• Electricity provider (e.g. common provider, 
  green electricity provider)

• Electricity consumption (all building groups)
• Electricity generation (e.g. photovoltaics)
• Electricity provider (e.g. common provider, 
  green electricity provider)

• Adjustment of prices for regional economic
  analysis (Austria only)

• Modal split for whole household in terms of 
  daily and leisure mobility

• Geographic location (Country, District
   Municipality): manually or through durch
   municipality code (Austria only)
• Inhabitants (Municipality and District)
• Level of centrality (1-5) through location details
• Distances (km) to higher centrality levels

• Input of building groups (Building period, Type
  of building, cumulated living space and 
  number of buildings)
• Refurbishment condition
• Building area
• Number of households
• Residents and age distribution
• Room heating
• Hot water supply

• Distance to town center
• Municipal road services
• Municipal lightning
• Wastewater treatment
• Municipal waste collection
• Private waste collection

• Adjustment of prices for regional economic
  analysis (Austria only)

FIGURE 4: User-supplied input to the ELAS calculator (white entries apply to the planning 
mode).
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11.2.12 USER-PROVIDED DATA

The user has to provide all data that define the building/settlement in suf-
ficient detail to allow for reliable sustainability evaluation. The ELAS 
calculator offers extensive help functions to guide the user through the 
evaluation exercise as well as realistic default values wherever possible. 
A thorough discussion of the input data is outside the scope of this paper, 
the user may however draw extensive support material offered on the web 
page of the ELAS calculator.

Figure 4 offers a schematic overview over the input that has to be sup-
plied by the user, differentiated into private mode and municipal mode. 
The calculator is available in German and English language version. In 
general, the input to the private mode is less complex and geared towards 
an audience of interested lay persons. Using the municipal mode and in 
particular the planning mode requires detailed knowledge about the infra-
structure of the settlement and/or about planned changes.

Most sections in the private mode are in line with corresponding sec-
tions in the municipal mode (although the detail and volume of the re-
quired data differ). Starting the calculator requires decision about the lan-
guage and the mode used, with the municipal mode differentiating further 
more into status quo analysis and planning mode.

A fi rst set of input data requires the user to identify the site in terms of 
the level of centrality and distances to cities of higher level of centrality. 
Following the site defi nition, the user is asked to defi ne the buildings in 
terms of age categories, size and technical status, number of households 
and residents as well as demographic distribution of residents. On top of 
that, the user has to defi ne the technology used to provide heat and warm 
water. In this section, buildings with the same age and technical status are 
subsumed in ‘building groups’.

The next section deals with electricity demand, electricity provision 
technology mix and (if applicable) production of electricity via photovol-
taic panels on the building or within the settlement.

In the subsequent input section, the user may defi ne the situation of 
the building/settlement within the municipality in terms of distance to the 
town centre as well as municipal services like road service, street lighting, 
waste and wastewater disposal.
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Following that section, users of the private mode may defi ne their mo-
bility behaviour in detail. The last input section allows the user to change 
prices and fl ows of goods to adapt the regional economic analysis to the 
actual situation regarding the settlement to be evaluated.

In the municipal mode, the user may chose the ‘trend scenario’ and 
the ‘green scenario’ to estimate the impact of the building or settlement in 
the midterm future. Following the presentation of the results, the user in 
the municipal mode may then switch to the planning mode, adding more 
groups of building and additional infrastructure or evaluating the impact 
of any energy effi ciency measures. The user may also evaluate the impact 
of dismantling the whole settlement and rebuilding it at a new site.

11.3 RESULTS FROM THE ELAS CALCULATOR

Ecological evaluation results from the ELAS calculator are represented 
in terms of total energy consumption, life cycle CO2 emissions and SPI in 
graphical as well as tabular form. Using either the private mode or the ‘As-
Is Analysis’ of the municipal mode will provide life cycle wide ecological 
impacts corresponding to 1 year of the operation of building or settlement. 
Results of the planning mode will always include the ecological impact of 
the planned infrastructure, both for buildings, renovation (summarised in 
the category heating) and municipal services and, if applicable, for demo-
lition of buildings. Infrastructure will also be referred to 1 year, taking the 
life time into account.

Graphical representation for all valuation methods will be broken down 
into heating and hot water provision, electricity, municipal services daily 
mobility and leisure mobility. In case of the SPI valuation, an additional 
graphic will provide the breakdown of the ecological footprint accord-
ing to infrastructure, fossil resources, renewable resources, non-renewable 
resources and emissions to air (excluding CO2 which is rated in the fossil 
resources part), water and soil (see Figure 5).

Tabular results provide overall results as well as more detailed infor-
mation, breaking down results of energy consumption into different en-
ergy forms (for heating) and applications (heating/warm water provision), 
electricity into grid provided and own production via photovoltaic panels, 
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municipal services into waste and wastewater disposal, street lighting and 
street services. Mobility is differentiated according to the modal split and 
depicted for daily as well as leisure mobility. Tables relating to the SPI will 
also provide details about the breakdown of the ecological pressure of the 
different aspects of the life cycle into impact categories.

Socio-economic analysis shows turnover, value added, import and jobs 
created, differentiated to the national and regional level in tabular form. 
Results will also provide a breakdown for economic effects of different as-
pects such as construction, operation of buildings, municipal services and 
external effects (in particular mobility) on the categories defi ned above 
(see Figure 6). In addition to that, imports induced by the building or set-
tlement will be shown in the overall summary of results. The results have 
to be interpreted carefully, because the logic of ‘more is better’ cannot 
necessarily be applied to the regional economic analysis: ‘more’ in the en-
ergy sector could mean that the regional population might be restricted in 
other areas of consumption which would be more effective in the regional 
economy. Therefore, we added the imports in relation to turnover and rev-
enue. If regional renewable resources are used, the money spent on energy 
aspects of a settlement will be regionally operative.

A multitude of ELAS calculations shows that the impact of spatial plan-
ning decisions, such as developing mixed-use structures with suffi cient daily 
supply and social infrastructure, as well as pursuing settlement density has 
an important effect on the energy demand and the environmental pressures 
related to the energy supply of residential areas. The effi cient supply with 
renewable energy sources can be supported, and the energy demand for the 
mobility of the residents can be reduced as people in more central residential 
areas drive less and are able to cycle, walk and use public transport.

With the optimisation function for existing settlements, we explored 
that through integrated spatial and energy planning measures enormous 
positive environmental effects can be achieved. Such measures combine 
spatial developments based on mixed-use, short-distance supply and 
(moderate) density with innovative energy technologies as well as en-
ergy effi ciency measures in buildings and infrastructures. They make it 
possible to reduce the energy demand by 30% to 50% and the associated 
negative environmental effects in terms of footprint and life cycle CO2 
emissions up to 80%.
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FIG
U

R
E 6: Socio-econom

ic results for case study settlem
ent ‘Pregartenteich/Freistadt’.
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In new developments, we found out that in low-dense settlements rely-
ing on stand-alone single-family houses, the energy demand for streets, 
sewage systems and other related technical infrastructures in the settle-
ment can exceed 50% of the total energy demand of a settlement, causing 
up to 90% of the life cycle CO2 emissions and up to 80% of the ecologi-
cal footprint. The construction of houses plays a relatively low role with 
around 5% share on the total energy demand. By more dense settlement 
structures like four- to fi ve-fl oor apartment buildings, the share of infra-
structures can be reduced to about 10% to 15% accounting for less than 
50% of the life cycle CO2 emissions and 40% of the ecological footprint. 
Further determinants of the energy demand of settlements are the degree 
of centrality of the municipality and the distance of the settlement to the 
supply centres within the municipality.

11.4 DISCUSSION OF THE ELAS APPLICABILITY

Decisions concerning construction and operation of buildings and settle-
ments are pivotal to achieving sustainability and in particular to arrive at 
a sustainable energy system of society. This is due on the one hand to the 
large fraction of energy used in buildings (in particular in Europe) and on 
the other hand to the considerable influence the way settlements are situ-
ated has on other energy uses, in particular by shaping mobility require-
ments of residents and modal split of travels. As such decisions, due to 
the longevity of buildings, have long ranging consequences, thorough and 
reliable decision support is necessary.

Providing such comprehensive decision support for individual house 
owners as well as for municipal administrations and planners was the goal 
of the ‘energetic long term analysis of settlement structures’ study that 
forms the background to this article. Based on a thorough analysis of ten 
settlements in different spatial situations and featuring a variety of build-
ing types and demographical set-ups of residents, a web-based calculator 
was developed that evaluates buildings and settlements from the point of 
view of their sustainability. The ELAS calculator can support decision-
making in spatial planning in the following situations:
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Comparison of settlements of the same type on different sites;

• Comparison of variants concerning the design of settlement on one site, e.g. 
concerning the size and density of the settlement, efficiency of buildings, 
the selected energy sources and technologies and on-site renewable energy 
production;

• Comparison of renovation of existing buildings, with re-densification and 
enlargement of settlements; and

• Iterative optimisation of settlement site and settlement design.

Therefore, the calculator can be used in different stages of a planning 
and design process. In planning processes, decisions are taking place at 
least at three different levels, which can be explained by the types of alter-
natives included in the planning process [24]:

• System alternatives: choice of demand, size of projects, density, techno-
logical networks etc.;

• Site alternatives: choice of sites for projects; and
• Technical alternatives: choice of technical implementation of a project on 

a given site.

The ELAS calculator allows to ‘jump’ between the scales: sometimes, 
the quality of the available sites or certain site-specifi c limitations hinder 
the implementation of system alternatives. Therefore, the ELAS calcula-
tor can be used at different stages of planning processes: (1) to evaluate 
system alternatives with few assumptions about technical aspects of po-
tential energy systems concerning their overall energy demand and sup-
ply and the related environmental and regional socio-economic effects; 
(2) to evaluate and rank site alternatives for given kinds of projects, e.g. 
multi-storey housing, terrace houses etc.; and (3) to assess technical op-
tions, e.g. certain insulation or energy sources and technologies for project 
implementation. Finally, objectives for site-specifi c design processes can 
be set from the perspectives of SPI, life-cycle CO2 emissions and overall 
regional socio-economic effects.

By applying the ELAS calculator, users can assess if their decisions 
are in line with energy policies and climate change policies promoting 
energy saving, energy effi ciency and the use of renewable energy supplies 
and can optimize planning decisions to reduce energy demand and envi-
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ronmental impact in depending on the chosen energy supply technologies 
and sources. This is valuable for the following different target groups the 
ELAS calculator is intended to address [25]:

Legal bodies (municipal mode) are enabled to assess based on case 
studies, how legal proposals in spatial planning, housing subsidies, build-
ing codes etc. might impact the energy demand and supply of settlements 
and might contribute to achieving international and national energy policy 
and climate protection targets.

Municipal decision-makers and planners (municipal mode) can as-
sess local spatial planning activities (land use plans, master plans, zon-
ing plans) concerning residential developments with respect to the en-
vironmental and socio-economic impacts of energy demand and supply. 
They are enabled to choose planning alternatives with a high potential 
to be sustainable for detailed assessments, e.g. in strategic environmen-
tal assessments.

Developers (municipal mode) are able to estimate the energy demand 
as well as environmental and socio-economic impacts of their future 
dwellers. In doing so, they can assess alternatives of sites and optimize the 
design of their settlement projects. Furthermore, they might use the results 
in marketing their products to customers interested in low energy demand 
and sustainable energy supplies.

Single households (private mode): Individuals can also assess their 
choices regarding their dwellings taking the structural aspects of the 
settlement and their individual behaviour into account. Especially inter-
esting decisions situations for the ELAS application might be the com-
parison of different fl ats when intending to move, decisions about ther-
mal insulation, change of heating devices or PV-installation, change of 
mobility patterns etc. so that interested individuals can choose planning 
options that help them to lead a more sustainable life and contribute to 
climate protection and the shift of energy supplies towards a renewable 
resource base. In the private mode, less knowledge and information is 
needed. Only information has to be entered by the users that is within 
their decision scope.
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11.5 CONCLUSIONS

Within the research carried out, it became obvious that building and infra-
structure construction and maintenance as well as site-induced mobility 
are crucial for the sustainability of settlements. The site of the settlement 
is a determining factor for both. The ELAS approach addressed this by 
introducing different levels of centrality, differentiated according to the 
services available in the town the settlement belongs to. Thorough stud-
ies linking these levels of centrality and the demographic set-up of resi-
dents with daily and leisure mobility allow the evaluation of these factors 
within the ELAS calculator without requiring excessive data acquisition 
from the user. The ELAS calculator offers free accessible evaluation for 
stakeholders involved in long ranging decisions regarding buildings and 
settlements. With this tool stakeholders can readily integrate aspects of 
sustainability in their decisions, both regarding the operation of buildings 
and settlements as well as in planning renovations, enlargements or even 
relocation of settlements. As can be seen from the list of target groups and 
their potential benefits from ELAS applications, the ELAS calculator sup-
ports consistent decision-making from the policy level via the regional and 
local planning levels to the household level.

ENDNOTES

aIn the current version of the ELAS calculator, the socio-economic evalu-
ation is only available for Austrian cases.

bFor application of the ELAS calculator to settlements in Austria, the user 
may only supply the ZIP code to define the distances to cities with other 
(higher) level of centrality as the calculator will draw on a database based 
on [25],[26]

cIn the current version, regionalized input-output tables are available for 
Austrian Federal States.
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