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URBAN FORM AND THE SUSTAINABILITY OF CITIES 
The ecological sustainability of cities can be measured, at the physical level, by the 

total flow of energy, water, food, mineral and other resources through the urban 

system, the ecological impacts involved in the generation of those resources, the 

manner in which they are used, and the manner in which the outputs are treated.  

The gap between the current unsustainable city and the ideal of the sustainable city 

has been described in the following way (Haughton, 1997). 

Existing cities are characterised by: 
A high degree of external dependence, 
extensive externalisation of 
environmental costs, open systems, 
linear metabolism and ‘buying-in’ 
additional carrying capacity. 

 The Sustainable city would be 
characterised by: 
Intensive internalisation of economic 
and environmental activities, circular 
metabolism, bioregionalism and 
urban autarky. 

 

Urban forms are required therefore which will be best suited to the conception of the 

more self-sustaining, less resource hungry and waste profligate city. 

As cities seek to make their energy, water, biological and materials sub-systems 

more sustainable, the degree to which the intensification of urban development is 

supportive of these aims will become clearer.  Nevertheless, many who have sought 

to portray what constitutes sustainable urban form from this broader perspective 

have included intensification, both urban and regional, as a key element (Berg et al, 

1990; Register et al, 1990; Owens, 1994; Trainer, 1995; Breheny & Rookwood, 1996; 

Newman & Kenworthy, 1999; Barton & Tsourou, 2000).  One of the reasons for this 

rests with the difficulty of conceptualising low-density settlement patterns that are 

sustainable under the prevailing conditions of a high level of mobility for a majority of 

people in western countries, at least, while there remains such a strong nexus 

between mobility and negative environmental impacts. 

Aspirations for moving cities towards greater ecological sustainability have tended to 

coalesce around the themes of ‘energy’, ‘water’, ‘biodiversity’ and ‘wastes’ (eg. 

Australian Parliament, 2003).  The research reported here explored the ‘energy’ 

theme, posing the question: does urban form have a significant influence on the 

energy expenditure of a city?  As the dominant ecological impact of energy 
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expenditure is greenhouse gas emissions, calculations were of greenhouse gases 

emitted as well as energy consumed. 

LIFE CYCLE ENERGY AND EMISSIONS DUE TO URBAN 
STRUCTURE 
If one inserts the word ‘transport’ before ‘energy expenditure’ in the above question, 

we have a question that has been asked many times before.  Indeed there is such a 

body of research literature on this topic that at least six summary articles have been 

written to try to come to grips with the interwoven threads of what has become a 

complex field of research (Steiner, 1996; Handy, 1996; Stead & Marshall, 1998; 

Badoe & Miller, 2000; Bunting, 2000; Crane, 2000).  However, transport, which in the 

literature equates to motorised travel, is not the only emissions-expending activity 

within the city that may logically be influenced by urban form. 

Emissions are produced in situ, in the city, from the operation on a daily basis of 

motor vehicles and appliances within buildings, but also in far away places in the 

manufacture of the “hardware” of the transport and building systems, the concrete, 

bricks and steel, the motor vehicles and road materials. 

The energy that is consumed and the greenhouse gas (ghg) emissions that are 

released on a daily basis by the end users can be conveniently categorised as 

“operational” energy and emissions.  The energy that is consumed and the emissions 

that are produced in the manufacture of buildings, roads and vehicles are “embodied” 

in these products. 

The research reported here draws on four strands of investigation that have largely 

been conducted separately under the auspices of the relevant disciplines.  Urban 

planners in particular have investigated the influence of urban form on motorised 

travel and its associated energy consumption.  Architects have analysed the 

influence of building design on the quantity of energy required to heat and cool 

buildings to provide comfort to the occupants.  These analyses have been of 

operational energy use. 

Building scientists have investigated the energy consumed and emissions produced 

in the manufacture of building materials.  Embodied energy/emissions values can be 
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calculated for whole buildings based on the unit energy embodied in the constituent 

materials, plus the energy used to construct and maintain the building.  It is possible 

to then compare the significance of the energy embodied in the building with the 

energy used in its operation.  It is also possible to compare the embodied energy of 

different forms of buildings. 

Finally, in the field of mechanical engineering, the quantities of energy embodied in 

motor vehicles have been analysed so that the energy impacts of changes in 

manufacturing systems can be compared. 

An analysis which brings together operational and embodied energy and emissions 

can be broadly described as “lifecycle energy/emissions analysis”, that is an analysis 

which estimates the emissions produced for the whole life cycle of a product or 

system.  In life cycle analysis the energy consumed by operational activities can be 

compared with the energy embedded in products by adopting a common time unit.  

For example, the energy from a car trip can be multiplied by the annual frequency of 

the trip to obtain an annual energy score, and the energy embodied in the vehicle 

can be divided by the expected lifetime of the vehicle to obtain a comparable annual 

energy score. 

In combination, the operational and embodied energy and emissions from transport 

and housing activity constitute a substantial proportion of the total energy/emissions 

expenditure of a household.  Energy analysis of the Australian Household 

Expenditure Survey shows that the ‘average’ Australian household expends around 

45% of its total annual energy consumption on passenger transport and housing 

(plus a further proportion for freight and vacation travel) (Australian Bureau of 

Statistics, 1995).  As shown in Figure 1, 18% of annual energy is spent on travel 

using household cars, while just 1% is spent on public transport and taxis.  15% is 

expended on household appliances – space heating and cooling, water heating, 

cooking, refrigeration and all the other electrical appliances.  4% of energy is 

embodied in the cars owned by the household, and 5% is embodied in the dwelling 

itself.  Energy expenditure on urban infrastructure is less readily identified, as much 

is incorporated in the general category of “government services”. 
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Figure 1: Household Primary Energy Consumption - derived from 
the Australian Household Expenditure Survey
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What constitutes urban form 
Urban form has a number of dimensions.  It concerns the size, shape and density of 

cities, the characteristics of the transport and infrastructure networks, the 

configuration of land use patterns, the design of subdivisions, and the form and 

orientation of buildings 

Urban form may be considered at the macro level of a city and its region, at an 

intermediate level of a town or suburb, or at the micro level of a subdivision or group 

of buildings.  Travel related energy consumption and emissions are most likely to be 

influenced by macro-level urban structure factors, where the differences in the 
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density and distribution of activities and the location of households within settlement 

patterns may influence the amount of motorised travel people need to undertake.  

The urban form determinants of housing related energy consumption are micro-

scale, and can be better described as built form variables. 

The research method was designed to capture a wide variation between households 

in many of these urban form parameters. 

INNER CITY AND FRINGE CASE STUDIES 
The empirical research, conducted in Adelaide, relates to a sample of 547 persons 

living in 212 households of varying family composition and income levels, residing in 

dwellings of varying types, from two storey terraced houses to single storey detached 

dwellings.  The houses were located in two new developments: an inner city 

development, in which two storey terraced houses predominated; and a fringe 

development, in which single storey detached housing – conventional, courtyard and 

villa styles – predominated.  The case studies were chosen as representative of two 

different styles of development common to other parts of Adelaide and other 

Australian cities.  They are also indicative of two different directions in which the 

development of Australian cities might proceed – towards compaction or expansion. 

To test the influence of urban form on household energy expenditure, urban form and 

other socio-demographic information was collected from the sample households to 

provide the explanatory variables for statistical analysis.  Extensive energy 

consumption data was obtained to provide the response variables: 

Detailed information was collected on dwelling and site design and dimensions, 

household vehicles, road construction and dimensions, plus information on appliance 

energy consumption and a travel diary for each household member.  It was used to 

calculate household energy consumption and greenhouse gas emissions for each of 

the five transport and housing activities that formed the response variables for the 

statistical analysis.  These were: 

Transport System: 
1. Energy/emissions due to the operation of household passenger motor vehicles – 

“Travel” 
2. Energy/emissions due to the manufacture and maintenance of household 

vehicles – “Vehicles” 
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3. Energy/emissions due to the manufacture of road materials, and the construction 
and maintenance of roads and other transport infrastructure – “Roads” 

Housing System: 
1. Energy/emissions due to the operation of house appliances – “Appliances” 
2. Energy/emissions due to the manufacture of house materials, and the 

construction and maintenance of dwellings – “Dwellings” 

Forward stepwise regression analysis was used to determine which of the 

explanatory variables were statistically significant, and to determine what proportion 

of the total observed variance in energy/emissions expenditure was explained by the 

significant variables. 

Greenhouse gas emissions were calculated in tonnes of carbon dioxide equivalent 

per household per annum (CO2-e per household p.a.).  Energy expenditure can be 

measured as primary energy or delivered energy.  Delivered energy is the quantity of 

energy consumed directly by the end user.  The primary energy measure accounts 

for the energy consumed at the point of use plus the energy used in the production 

processes.  Greenhouse gas emission factors are based on the primary energy 

consumption.  Electricity, which is the predominant energy medium used in buildings, 

has a high emission factor because for every unit of electrical energy delivered to a 

building, approximately two additional units of energy have been used in electricity 

generation.  Similarly, the emissions from petrol consumed in the internal combustion 

engines of motor vehicles do not represent the totality of emissions because energy 

has been expended and emissions released in the processes of oil exploration, oil 

well operation, bulk transportation, fractionation and refining, and finally in delivery to 

the end user.  Nevertheless, the primary energy and emissions factors for petroleum-

derived fuels are much lower than those for electricity. 

The influence of urban form on energy use is most accurately assessed by using the 

delivered energy measure (in gigajoules per household p.a.) to control for the effects 

of different fuel mixes1. 

                                                      
1 As this article focuses on the urban form influence, the reported results relate primarily to delivered 
energy rather than greenhouse gas emissions. 
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FINDINGS 

The variation in energy consumption between households 
The mean life cycle delivered energy consumption of the 212 household sample for 

housing and transport activities was 189 GJ per hh p.a.  73% was transport energy 

and 27% housing-related energy.  The breakdown into dwelling, appliance, vehicle, 

road and travel energy is shown in Table 1. 

 

 

 

Table 1: Energy consumption – 212 household sample 

 Housing Transport Housing  & 
Transport 

 Dwellings 
(a) 

Appliances 
(b) 

Life Cycle 
Housing 
(a)+(b) 

Vehicles 
(c) 

Roads 
(d) 

Travel 
(e) 

Life Cycle 
Transport 
(c)+(d)+(e) 

Life cycle 
Housing & 
Transport 

GJ/hh p.a. 17.3 34.2 51.5 20.9 4.6 112.2 137.7 189.2 
% of total life cycle 
housing and transport 
energy 

9.1% 18.1%  11.1% 2.4% 59.3%   

 

The characteristics of the sample households ranged from single person to six 

person households, income categories of $0-10,000 to $90,000+, internal dwelling 

areas of 40m2 to 320m2, site areas from 147m2 to 931m2, with ownership of 0 to 4 

vehicles. 

Households in the Inner City development were located in an area with a residential 

density of 30 dwellings per hectare, 3.2 kilometres from the GPO, with a local retail 

floor area density of 1,230 m2/ha, a local employment density of 3 jobs/ha, and within 

500m of 1,547 bus services per week. 

Households in the Fringe development were located in an area with a residential 

density of 10 dwellings per hectare, 38km from the GPO and 8.3 km from the 

Regional Centre, with a local retail floor area density of 610 m2/ha a local 

employment density of 0.1 jobs/ha, and within 500m of 432 bus services per week 
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The total life cycle housing and transport energy of the sample varied from 32 GJ/hh 

p.a., to 653 GJ/hh p.a., the highest being 20 times that of the lowest.  Setting aside 

the extremes, the 90th percentile household expended five times the energy of the 

10th percentile household. 

The least variation was in dwelling energy consumption, the highest being six times 

that of the lowest, but with the 90th percentile being twice that of the 10th percentile.  

For vehicle and appliance energy, the variation from 10th to 90th percentile in each 

case was approximately threefold. 

The wide variation in the total life cycle housing and transport energy consumption of 

households is largely explained by the great variation in transport energy, as shown 

in Figure 1.  The greatest variation in transport energy was in the energy consumed 

for motorised travel, as shown in Figure 2.   

 
Figure 1: Distribution of life cycle housing and transport energy 

expenditure by sample households
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Figure 2: Distribution of household housing and transport 

energy expenditure by activity
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Explaining the variance in household energy consumption 
Initially the influence of 28 explanatory variables was tested.  Conceptually these 
may be considered as variables describing: 

 Urban structure eg. location, site area 

 Built form eg. dwelling type, number of shared walls, orientation of living areas, 
level of insulation, NatHERS energy efficiency rating 

 Consumption eg. persons per household, dwelling floor area, vehicles per 
household 

 Socio-demographic characteristics eg. household income, employed per 
household, Family composition, children per household, average age of adults. 

Each response variable was regressed against the set of explanatory variables.  The 

stepwise regression procedure involves the insertion of the significant explanatory 

variables into the regression equation in the order of their significance. 
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The significant explanatory variables are listed in Table 2 for each of the response 

variables, in the order in which they were inserted in the equation, with the 

percentage of variance explained by each. 

50% of the variance between households in life cycle housing and transport energy 

consumption was explained.  The highest proportion of variance was explained by 

the site area variable (30%), with the location variable being the fourth to enter the 

equation. 

The intuitively obvious consumption variables of vehicles per household and dwelling 

size explained most of the variance in the embodied energy in vehicles and dwellings 

respectively2.  In both cases site area was the second most significant variable.  The 

variance explained by the first variable to enter the equation tends to mask the full 

measure of the influence of the subsequent variables.  The measure of significance 

is relative to the position of all the variables in the equation   To test the significance 

of the site area variable when not masked by the first variable in the equation, it was 

forced into the equations first.  When forced, site area explained 19% of the variance 

in vehicle energy and 30% of the variance in dwelling energy. 

Table 2: Variables influencing energy consumption – 212 household sample 

Response Variable Significant Explanatory Variables % Variance 
Explained 

Dwelling energy Dwelling size 
Site area* 
Insulation level 
Household income 
Energy efficiency rating 

44.3 
5.9 
3.1 
1.5 
1.1 

Appliance energy Site area 
Household income 
Persons per hh 
No. shared walls 
Conditioned floor area 

25.1 
6.3 
3.6 

-2.2 
1.5 

                                                      
2 It is worth noting that the consumption variables are, to some extent, intermediate variables, in that 
consumption variables such as car ownership and dwelling size are in turn influenced by variables 
such as density, family size and income.  The influences of a range of variables on car ownership 
were investigated separately using census data.  The two key explanatory variables were the 
“proportion of households with income less than $15,000 p.a.” (73% variance explained) and “housing 
density” (further 8% explained).  “Proportion unemployed” and “proportion children under 15” 
explained a further 4.1% of the variance. 
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Life cycle housing energy 
(dwelling plus appliance 
energy) 

Site area 
Conditioned floor area 
Household income 
No. shared walls 
Family composition 

35.2 
10.8 

3.1 
-2.6 
1.4 

Vehicle energy Vehicles per hh 
Site area 

74.3 
1.1 

Travel energy Site area 
Employed per hh 
Location 
Vehicles per hh 
Family composition 

22.1 
12.3 

3.1 
2.4 
1.8 

Life cycle transport 
energy 
(vehicle plus travel energy) 

Vehicles per hh 
Site area 
Employed per hh 
Location 
Family composition 

27.2 
9.5 
5.0 
2.9 
1.7 

Site area 
Employed per hh 
Family composition 
Location 
Persons of driving age per car 

29.8 
14.2 

2.5 
1.9 
1.2 

Life cycle housing and 
transport energy 
 
 
 
 Variance explained 49.6 
* Urban form variables are in bold. 

While 50% of the variance remained unexplained (perhaps, in part, dependent on 

people’s attitudes and values), the site area occupied by a household clearly 

emerged as a prominent predictor of total housing and transport energy use.  The 

household employment and household income variables  (closely correlated with 

each other at 0.66, p=0.000) were also significant explanatory variables, the former 

being of significance in explaining transport energy use, and the latter in explaining 

housing energy use.  Nevertheless, they were not as significant as the site area 

variable or some consumption variables. 

As indicated in Figure 4, the Fringe development had a minority of smaller lots, below 

300m2 (9%), while the inner city development had a majority of smaller lots (85%).  

The smaller lots in the Fringe area were predominantly attached units occupied by 

small households and/or elderly people, while the small lots in the inner city were 

occupied by all household types. 
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Figure 4:  Comparison of site areas, inner city and 
fringe developments
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The reason why the site area variable should be such a strong predictor of household 

energy consumption may be that it is an overarching variable that captures the 

influence of urban form at the micro- and macro- scales.  At the micro-scale it was 

strongly correlated with the built form variables (probability of results having arisen by 

chance, p = 0.000) with dwelling type (0.85) and shared walls (-0.69).  At the macro-

level it correlated with location (0.62).  There were also significant correlations with 

some consumption variables, number of bedrooms (0.59), dwelling size (0.52) and 

conditioned area (0.51), but no significant correlation with socio-demographic 

variables. 

When the sample was split according to site area and location, the energy 

consumption profiles were very similar.  The sub-sample of 48 Inner City households 

consumed 48.8% less energy per household than the 164 Fringe household sub-

sample.  The sub-sample of 58 households on lots of less than 300m2 consumed 

48.7% less energy than the sub-sample of 154 households on lots of over 300m2. 

In Figure 5 the differences per household between the smaller-lot and larger-lot 

samples in energy and emissions for each activity are charted as an accumulating 
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total.  The columns in the charts represent the percentage reduction in energy and 

emissions of the smaller-lot sample compared with the larger-lot sample. 
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Figure 5:  The Cumulative Savings in Energy & Emissions for 
the Smaller Lot Sample compared with the Larger Lot Sample 

 

In terms of appliance energy, the smaller-lot average was 6.8% less than the larger-

lot average.  When appliance and dwelling energy use were combined, the smaller-

lot average was 9.2% less.  When appliance, dwelling and road energy were 

combined, the smaller-lot average was 9.6% less; and when appliance, dwelling, 

road and vehicle energy were combined, it was 9.8% less.  When travel energy was 

added to the combination, then the major difference in energy consumption between 

the smaller-lot and larger-lot samples was evident, with the difference in energy 

consumption between the samples increasing from 9.8% less to 48.7 per cent less. 

The variance in combined housing and transport energy between households and 

between samples was clearly most influenced by travel energy variations. 
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CONCLUSIONS 
Any generalisations from the research findings need to be set within the context that 

the survey, while providing uniquely detailed information at the individual household 

level, is limited in geographical scope (two developments in one city).  Nevertheless, 

the results reinforce the findings of those studies which argue that urban form is 

significant in determining travel energy and emissions. 

The broader question posed in this study concerns the influence of urban form on a 

wider range of household-generated energy and emissions.  While the urban form 

influence on travel is the most pronounced, the urban form influence extends beyond 

travel alone and affects all of the other energy consuming transport- and housing-

related activities of a household.   

Most studies into the influence of urban form on travel energy have only measured 

density at the neighbourhood level, as an average value for each neighbourhood, 

inclusive of site area, road space and local facilities.  In cases where urban form and 

socio-demographic variables have all been derived at the aggregate level from small-

area census data, the variability between households is masked, and the explanatory 

power of the studies consequently reduced.  In cases where household-specific 

socio-demographic data has been compared with neighbourhood-scale urban form 

data, it is likely that some of the variability in the urban form data has been lost.  In 

this case, the use of socio-demographic and urban form data at the household level 

maximises the variability for all sets of variables at a comparable scale.  

None of the households in the survey had taken particular energy conservation 

measures (other than, in some cases, determining the orientation of dwellings).  So 

in this respect the comparison was of like-with-like.  It can be tentatively concluded 

that, where you live, the size of your block and the form of the dwelling you live in will 

have a major influence on the energy consumption and associated greenhouse gas 

emissions produced by your household, regardless of your income, the number of 

people in your household, age or the type of family you are a part of. 

If you live in an outer suburb in a relatively low density environment of predominantly 

single storey detached houses, your household is likely to use substantially more 

housing and transport delivered energy than your inner urban counterpart – perhaps 
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as much as 90 per cent more.  Your household’s transport energy consumption is 

likely to substantially exceed housing energy consumption – it may be three times as 

great.  It is likely that you will have to travel long distances for some key trip 

purposes, such as going to work, and these trips may be the most significant 

determinants of the total transport and housing emissions from your household. 

The results suggest that the adoption of attached dwelling forms on smaller lots in 

outer and fringe suburbs would deliver some reductions in housing energy 

consumption.  However, the bigger energy reductions for outer suburbs depend on 

reducing transport energy consumption, either by reducing the need for some of the 

longer trips, or by achieving substantial mode switch to public transport for the longer 

trips.  

In the short- to medium-term, the most energy conserving urban form for the city as a 

whole may be achieved by pursuing infill development policies in the inner and 

middle suburbs, in particular in those areas that have access to the greatest density 

of urban services and employment opportunities. 

For the outer and fringe suburbs, any significant redevelopment at higher densities is 

likely to be at least 20 years away.  At present the housing stocks are too new and 

land values too low to provide the economic incentive for redevelopment.  In the 

meantime, other measures to reduce energy consumption are warranted. 

It was possible to conduct a simple sensitivity analysis of the results to test the 

magnitude of energy reductions that might be achieved through different policy 

interventions.  The changes were applied separately to the Inner City and Fringe sub-

samples, and the results are shown in Table 3.  For the Fringe development, a 

complete change of urban form from the predominantly single storey detached 

dwellings to the two-storey terraced dwellings that predominated in the Inner City 

development, would yield approximately a 6% reduction in total housing and 

transport energy consumption.  On the other hand, of the small number of policy 

change scenarios that could be tested, the greatest reduction in energy for the Fringe 

development - of 20% - would be achieved if the residents switched their cars to be 

small cars only (below 1 tonne in weight). 
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Table 3: Results of sensitivity tests on Inner City and Fringe samples 

 Inner City Sample Fringe Sample 
Initial GJ per household p.a. 109  213  

Scenarios Tested 
GJ per 
household p.a. 
reduction 

% reduction in life 
cycle housing & 
transport energy 

GJ per 
household p.a. 
reduction 

% reduction in life 
cycle housing & 
transport energy 

All dwellings are 2 storey terraces -5 -4% -13 -6% 
All household cars are small cars -6 -5% -43 -20% 
Car ownership rate falls by 20% -5 -4% -23 -11% 
Proportion of Car Travel replaced by 
100% increase in public transport 
trips 

-1 -1% -5 -2% 

Proportion of Car Travel replaced by 
100% increase in walking & cycling 
trips 

-2 -2% -3 -1% 

Revised GJ per household p.a. 91 -16% 126 -40% 
 

The research, therefore, supports the proposition that an intensification of urban 

form, delivers significant benefits in terms of a reduction in the total housing and 

transport energy consumption of a city.  In practice, this will happen differentially 

across urban areas over time, and energy saving policies will have more impact in 

certain parts of the urban area, depending on the current energy consumption 

profiles of those areas.  When the full range of energy consuming activities 

associated with the built environment and transport is taken into account, the impacts 

and interplay of energy conservation policies can be more fully explored. 
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